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. ' A C  K N O W  L E  D G E  M E  N  T S « •;
T h e  in v e s t ig a t io n  d e s c r ib e d  in  th is  th e s is  f o r m s  p a r t  
o f  th e  p r o g r a m m e  o f 'm e t a l lu r g i c a l  r e s e a r c h  o f 't h e  T in  
R e s e a r c h  In s t itu te  and  th e  a u th o r  i s  in d e b te d  to  th e  
In t e r n a t io n a l  T in  R e s e a r c h  and D e v e lo p m e n t  C o u n c i l .  H e  
a ls o  h as  p le a s u r e  in  e x p r e s s in g  h is  th an k s  to  h is  R e s e a r c h  
S u p e r v is o r  3- M r . ! L .  W .  D e r r y + B . S c Y , M .  Sc  ( T e c h . ) ,  - ! ' 
F . l . M ,  M . I . M . M . A . F . R * A e « S . 9 f o r  .con tin u a l ' 
in t e r e s t  and a d v ic e ^  a n d  in  r e c o r d in g  l i is  a p p r e c ia t io n  o f .  
th e  a s s is t a n c e  and e n c o u r a g e m e n t  r e c e i v e d  f r o m  v ;*\ 
. P r o f e s s o r  E .  G , E l lw d o d ,  B , S c »  if P h ,  D « , IT-, I ,  M .  f, d u r in g  
th e  c o u r s e  o f  th e  w o r k .
"  • ■ *.: I N T R O D U C T I O N ;  /  X X ‘ ‘ . X ; ' •
T h e  a i r c r a f t  and  n u c le a r  in d u s t r ie s  ha,v© p r o v id e d  th e  im p e tu s  
th a t  h a s  le d  t o  .the r e c e n t  d e v e lo p m e n t  o f  a  .n u m b er o f  m e ta ls  .arid 
va lleys  w h ic h  w e r e  f o r m e r l y  c o n s id e r e d  to  be o f  l i t t l e  c o m m e r c ia l  
im p o x r fa n c e ,  ^ G ne o f  th e - m o s t  p r o m is in g  o f  th e  o e  m e t a ls  is  
t i ta n iu m  w h ic h  p o s s e s s e s  a  lo w  d e n s it y  and, g o o d , c o r r o s io n  
r e s i s t a n c e .  H ig h  s t r e n g th  and c r e e p  r e s is t a n t  a l l o y s  m a y  be 
o b ta in e d  by  th e  a d d it io n  o f  a l lo y in g  © ie m e n t8 to  t i ta n iu m  and th e  se  
a l l o y s  h a v e  p r o v e d  e  s p e c i a l l y  u s e fu l,  f o r  * a i r c r a f t  - a p p lic a t io n s  in  
w h ic h  th e y  a r e  b e in g  u sed ..b o th  f o r  s t r u c tu r a l  p a r t s  and f o r  
e n g in e  c o m p o n e n ts .  T h e  g o o d  c o r r o s i o n  r e s is t a n c e  o f  t i t a n iu m  
a ls o  m a k e s  i t  p a r t i c u la r l y  s u ita b le  f o r  u s e  in  th e  c h e m ic a l  
in d u s t r y .
T ita n iu m  u n d e rg o e s " ,a  p h a s e  t r a n s fo r m a t io n  a t  882 °G  f r o m  a  
lo w  t e m p e r a t u r e  c lo s e - p a c k e d  h e x a g o n a l s t r u c tu r e  (a )  to  a  h ig h  
t e m p e i ’ a tu r e  b o d y - c e n t r e d  c u b ic  p h a s e  (p ) .  A l l o y in g  e le m e n t s  
a r e  a d d ed  to  a ~ d ta n iu m  to  in c r e a s e  i t s  s tr en g th ^  d e p e n d in g  u p on  
w h e th e r  th e  a l lo y in g  e l e m e n t  h a s -a  g r e a t e r  o r  a  l e s s e r  ...
s o lu b i l i t y  in  .the a*' th an  in  th e  (3- p h a s e , th e  t r a n s fo r m a t io n  
t e m p e r a t u r e  te n d s  t o  be r a is e d  o r  l o w e r e d  s o  th a t th e  
e le m e n t  a c t s  a s  a n  a ^  o r  a s ; a  p «  s t a b i l i s e r .  T w o  g r o u p s  o f  
a - s t a b i l i s e r s  ca n  be d is t in g u is h e d *  T h e  a l lo y in g  e le m e n t  
m a y  g o  in to  s o l id  s o lu t io n  ante r s  t i t i a l l y , -as do  o x y g e n , 
n i t r o g e n  o r  c a r b o n ,  o r . i t . m a y  e n t e r  in t o  s u b s t itu t io n a l s o l id ,  
s o lu t io n .  O f  th e  e le m e n t s  in  th e  l a t t e r  c l a s s ,  a lu m in iu m , 
t in  an d  h a fn iu m  h a v e  a p p r e c ia b le  s o lu b i l i t y  in  a - t i t a n iu m .
C o n t r o l le d  a d d it io n s  o f ‘o x y g e n ,  n i t r o g e n  and c a r b o n  ca n  
be u s e d  to  en h a n c e  th e  s t r e n g th  o f  t i t a n iu m  a t  th e  e x p e n s e  o f  
d u c t i l i t y .  T h is  a d d it io n a l  s t r e n g th  i s ,  h o w e v e r ,  r a p id l y  l o s t  
a t  h ig h e r  t e m p e r a t u r e s ,  s o  th a t  su ch  e le m e n t s  'a r e  n o w  
r e g a r d e d  a s .c o n ta m in a n ts  an d  a r e ,  a s  f a r  a s  p o s s ib l e ,  ‘ 
e x c lu d e d  f r o m  th e  m e ta ls  O x y g e n  m a y ,  h o w e v e r , be a d d ed  
a s  an  a l lo y in g  a d d it io n  to  g i v e  s t r e n g th  to  t i ta n iu m  p ro d u c e d  b y  
th e  s o d iu m  r e d u c t io n  p r o c e s s ,  s in c e  th is  m a t e r i a l  c a n  be 
e x t r e m e l y  s o f t  „
T h e  p p h a s e  i s  u n s ta b le  a t  r o o m  t e m p e r a t u r e  and  o n ly  b y  
th e  a d d it io n  o f  o n e  o r  m o r e  o f  th e  p s t a b i l i s e r s ,  •which in c lu d e  
th e  t r a n s i t io n  e l e m e n t s ,  c a n  i t  b e  r e t a in e d  j  f a i r l y  l a r g e
q u a n t it ie s  ©£ th e  a l l o y in g  e le m e n t s  a r e  r e q u ir e d  s o  th a t 
th e  a l lo y o  te n d  t o  h a v e  r e l a t i v e l y . h i g h  d e n s i t i e s ,  a n d ;a r e  V. 
e x p e n s iv e ,  j;: C o m m e r c i a l ;a t t e n t io n  h as  t h e r e f o r e  tu rn e d  
t o  a l l o y s  w h o s e  s t r u c t u r e , ; . a f t e r  s u ita b le  h e a t  t r e a t m e n t , 
c o n s is t s  o f  t l ie  m ix e d  (ci f ; p )  .p h a se j. t h e s e ,n e c e s s a r i ly . '  
c o n ta in  a p o .tab iH s e r  and  m ay ., or- maty n o t , -h a ve  in  . - j •". 
a d d it io n  an  ct s t a b i l i s e r ./  - 'A lth o u g h  T h e : r o o m  t e m p e r a t u r e  
p r o p e r t i e s  o f  (d  f ;  p ) sT loyS  a r e  ( s a t i s f a c t o r y ,  th e y  S u ffe r  
fr o rn  s t r u c t u r a l  in e t a b i l i t y .  a t ;m o d e r a t e ' t e m p e r a t u r e s .  ,
•For c r e e p  r e s is t a n c e  a t h ig h e r  t e m p e r a t u r e s , t h e r e f o r e ,  
i t  i s  p r e f e r a b l e  to  u s e  ct -  a l l o y  s , v y  h o s e  a l lo y in g  e le m e n t s  .. 
th e  p e r i t e c t o id  : f o r m e i ‘ S- Y  ten d  .to . r a is e  th e  [r e c r y s ta l l is a fc ib h  
t e m p e r a t u r e  o f  th e  a l l o y  j a  h ig h  v a lu e  o f: th i s, t e m p e r a t u r e  . 
r r ia y  b e  ta k e n  a s  a  c r i t e r i o n  o f  g o o d  c r e e p  s t r e n g th .,  I t  is  
in  th is  g ro u p  b f  a l l o y s  th a t  t in  is  u s e d  c o m m e r c ia l l y ,  , 
u s u a lly / ih  c o m b in a t io n  w ith  .a lu m in iu m ; - . . : -
(r ..W h ile  th e  t ita n iu m  in d u s tr y :  h a s  J n a d e  r a p id  a d v a n c e s  
d u r in g ; th e  p a s t  15  y e a r s  y  i t s - ;d e v e lo p m e n t  .has b e e n  
h a in p e r e d ;  by. t h r e e  f a c t o r s  { vj  ■ • - : b Y  y  - '=
■ • v / x y x
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XX"-: : osfygen, ’ n itrogen .'andi.carbona a l l  q£ which. cause m &rkedXv ' V-
yy/VX X-, "X b r itt len e ss . 'XXX .J - -"yy ’ •‘■X-’ f + V x ’ V'-*-3 ':. - ‘ *v > 0 X-; ' ,-X y  X .■ ■ y  
.yy...; • X X" V X - T h ese  .d ifficu lties have/be <&n, p a rt ia lly  o v e r  conn e, by the 
••y'%' V " y technique; ;of/arc “melting-- under/a -reduced • pressure*'-'of: an J.V ’" ; 
: V"- :-y y X :. inert;, g a s , usingXax.watery cooled ; cpjpper.-hearthy';;but th e ' X.: >. ;
.V. resultant.ingot./.must’-beXwork’ed .and .rnacM ned. , Such a-V.fr - .;X
. XXy - A  -X fr ■.process- is  'w aste fu l.O f:m ate ria l :an,d''the;'finished. a r t ic le  .;f  : / 
yX;;x; .'v ‘ -X ■ jpay . u tilise  le s s ’ thhn.20%; o f th© s ta r t in g ;s p o n g e ., VvNoXfr'X, V; V 
•y"v '.y/y ' ” , s a t is fa c to ry  m  ethod .of ..producing, casting s. .has; yet b e e n '. . .- .'
'. X;.- X ’ ■; e v o lv e d ;.X X  y .\. y / ; v :;X. y "  ./X V r V 'f r - V ' - 7  \  X X . '
,• y . . ;X . XX'X \XV: y - ■ P o w d e r . . ' . - m e t a l lu r g y  t h e r e f o r e  o f f e r s  a ' n u m b e r  o f- X. y  y V  
f r y ." • ; " y  a d v a n t a g e s  - i n r p r ' d c e ^ s i n g : t i t a n i u m / ^  S i n c e  X. y y  .
: . y X X X V ,  , L - . ; s m t e r in g X c a n  _beX‘c a r r i 'e . d  o u t  a t  t e m x ^ e r a t u r e s  .p c iu .c h - b e lo w •
;; x;V:. x y y th e . 't r ie lt ih g  p o in t  o f  • t i t a n i u m c o n t a i n e r '  m a t e r ia l s  .a‘r e ;nofc'-X ;
frX a t ta c k e d .  ■ -Th e  u se  o f  va icuum  o r  .’an  in e r t  a fcn io sp h ere  /X' ,:.X .-
X-. x • ,.« ■ x p r e v e n t s  .c o u ta m m a tio n  d u r in g  s in t e r in g .  ;T h e  o u ts ta n d in g  
• x': -XXX'XX. 4 / • A d v a n t a g e ,  h o w e v e r ,  / lie s  in / th e  f a c t  th a t p a r ts , m a d e , b y  . ' /yX
powder/ m e ta U u rg y  (mayjrbb/ p r e p a r e d ;. c lo s e ly  t'o> the • f  in i she d/
/-  " S | ^ e , y :o o / t h a t  l i t t l e * . ; o f / ' t h e  e x p e n s i v e  ' t i t a h i u m - l s '  W a s t e d  ,  a n d  
... l i t t l e [ | u r t h e x \ W o ^ k i n g . . m a - y - b ’e : n e c e o 0 a r  y  * \ • - /•  . */ ' ' , %;■ V ; - y * : . ' +  
", ■'*. I n . e a r l y ,  m y e s t i g a f c i o n s .  i n t o  t h e  p o w d e r  m e t a l l a r g y  o f 7 • /  
t i t a n i i n n , ; t h e - o t t l y  m a t e r i a l  c o m r n e r e i a n y  a v a i l a b l e  w a s . '
• m agnesium  -.reduced  sponge; yythis .was /re lative ly ' im p u re  7 / 
v a n d , ;to;.avoid e x c e s s iv e  .contamination,.ycoar-a.e pow der V .
had/to,-be used* .- - The re su lts  .-were -di s appointing,.and.- ' . /V 
p o w d e r m e ta llu rg y  w as  '‘la rge ly ., superceded  by  .a rc -m e lt in g * .... 
"A. H o w e v e r ; recen t developm ents; suggest that,pow der / \ 
m etallu rgy . techniqueo/ triay not lie ;• wholly"'abandoned- by  :the
- titanium  industry . Y One .of; these  lies. in. the'--prod action , ..
- during the.past, few./year0 ‘- by/Im periaT 'Chem i-caV In du stries  .
/ liinniteda--'of titanium  ;.sp6hge/by.,fche/reduction-of tithmurh.
• teiradhldxude w ith -Sodium  # -/.TM'e. ma,te r ia l; is  soft and
/ pure ,'-and ' the p ro c e s s  -can ;easily - be.;adapted t©:produce. /
/ fin e  .powder-i /- Tt w ould  * ‘t h e r e fo r e , s  ©em/tp; b e  su itab le  - Y 
fo r  -fabrication  by  powder; m etallu rg ica lvrn  elhodp. . -•/. -Y-v 
it;has -been used -in. the. p r ©aent-i‘hvestigati'on , 'i n which. ■
/. the powder- m eta llu rgy , o f  ^ certain ,titanium #tin= a ,.lio y o a n d  
. / e sp e c iaU y  tfrape / containing/alum  inium/and tin .of, comm .er c ia l
• c o m  p o s i t i o n , : h a  s y b e e n  s t u d i e d . ; Y .  T h e  a i m s . p a n / b e  . - b r o a d l y  . 
s t a t e d :  - •  ■ ;  ‘ Y  " Y  ' * V  ... * • “  • v  ' Y
(1 )  ■ T ©  d e t e r  m in e  the.' s u i t a b i l i t y  (o f  s o d iu m  - r e d u c e d  
t ita n iu m  l o r 'p o w d e r  m e t a l lu r g i c a l  f a b r ic a t io n .  -
(2 )  T o  in v e s t ig a t e ,  th e  . f e a s ib i l i t y  o f  p r o d u c in g ,  b y  : 
■this, m ©thodj, u s e fu l  t in - c o n ta in in g  t ita n iu m  'a llo y s '.. .
2. PREVIOUS WORK
2 .1  T h e  t ita n iu m  -  t in  'ey  s te m  ■
T h e  t i t a n iu m - t in  s y s t e m  h a s  b e e n  in v e s t ig a t e d  a t
. ■ • - ' - . . . - - • Z ' . • ‘ • •
th e  t ita n iiirn  + r i c h  end  b y  W o r n e r F i n l a y ,  0‘a f f e e ,
' ‘ ' " 3  , : 4  ■ • ‘ . ' ‘ ' 5
P a r c e l  and  D us t e in  A .  D . M c Q u i l la n  and  M  . K .  M c Q u i l la n
P ie t r o k o w s k y  and  F r i n k 6 h a v e  r e c e n t ly ,  p u b lis h e d  a  d ia g r a m
f o r  th e  c o m p le t e  s y s t e m .  C o n s id e r a b le  d is a g r e e m e n t
e x is t s  a b o u t th e  r e s u l t s ;  th e  d ia g r a m s  p r e s e n t e d  b y  th e
m o s t , r e c e n t  w o r k e r s  a r e  s h o w n  in  F i g u r e  1.
T in  d e p r e s s e s  th e  m e l t in g  p o in t  o f  t ita n iu m  to  a  
e u t e c t ic  a t  16 a.t. % t in  an d  14.90 ° C ,  b u t  i t  h a s  l i t t l e  
e f f e c t  on  th e  a f=?.p t r a n s fo r m a t io n  t e m p e r a tu r e *  T ita n iu m  
w i l l  d i s s o l v e  a b o u t 10 a t .  % t in  in  b o th  th e  a  and  p p h a s e s .  
W ith  c o n c e n t r a t io n s  o f  t in  a b o v e  10 a t . % an  in t e r m e d ia t e  
p h a s e  y  i s  f o r m e d .  T h is  h a s  b e e n  sh ow n  b y  W o r r ie r  to  b e  
id e n t i c a l  w ith  th e  c lo s e - p a c k e d  h e x a g o n a l  p h a s e  o f  c o m -  
p o s i t io n  T i^ S n  fo u n d  b y  P i e t r o k o w s k y  . T h r e e  o th e r
■ in t e r m e t a l l i c  c o m p o u n d s  h a v e  b e e n  id e n t i f i e d  b y
• 6 7 8  - '
P i e t  r o k o w  s k y  and  h is  c o - w o r k e r s  * 1 . . - ■
; W h i le  i t  is  a g r e e d  th a t  t in  h a s  l i t t l e  e f f e c t  on  th e  
ci ^5 p t r a n s fo r m a t io n  t e m p e r a t u r e  o f  t ita n iu m  * c o n f l ic t in g
r e s u l t o  f o r  t i l ls  p a r t  o f  th e  d ia g r a m  h a v e  b e e n  p u b lis h e d ;  
t h e s e 'a r e  'sh o w n  in  F i g u r e  2,  F in la y  e t .  a l .  c la im e d  
th a t  t in  c a u s e d  a  p r o g r e s s i v e  i n c r e a s e  in  th e  t r a n s  f o r m  a  ~ 
tibn; tern  p e ra tu ^ e . u n t il a  p e r  I t  e c td id  was.' r e a c h e d  a t  a b ou t 
' 9-40 ° C  an d  9, a t . °/c. t in ;  W  o r  n e  r  an d  A D . M  c Q u il la n  , fo  und 
th a t  th e  p r e s e n c e . o f  t in  d e p r e s s e d  :the t r a n s fo r m a t io n  
tem p eM a tu r 'd  t o 'a  m in im u m  a t  a b o u t 5 and  6 a t*  % '  tin - - 
r e s p e c t i  v e l y , ‘ a t  a . t e m p  e r a s u r e  o f  '845 fC ;  A c c o r d in g ,  to  
W o r a e r » '  t r a n s  f o r m a t io n  th e n  to o k  p la c e  a t  a  h ig h e r  
t e m p e r a t u r e  a s  th e  a m o u n t .o f t in  in c r e a s e d ,  u n t il a  
. p e r ifc e  c to id  r e a c t io n ;  t o o k  p la c e  a t  a b o u t 8 8 0 -8 9 0 °G  an d  / 
10. a t .  %  t in ;  A .  D .M c Q u i l la n 1 o r e s u l t s  do  n o t 'g o  b e yo n d  
9 . 5 a t .  % t in ,/ b u t  i t  i s  d i f f i c u l t  t o  e x t r a p o la t e  th em  to  
g i v e  a, p e r  i t e  c to id  p o in t  in  th e  r e g io n ,  o f  th a t fou n d  by. 
. e i t h e r  W o m e r  o r  F in la .y e t . -  a l .  ; M .  K . M c Q u il la n .h a s  
r e c e n t l y  p o in te d  -ou t th a t i t  is . d i f f i c u l t  to  d is t in g u is h  
m i c r o g r a p h i c a l l y  t r a n s fo r m e d  p f r o m  e q u i l ib r iu m  a 
s t r u c t u r e s , ,  o w in g  to  th e  c o a r s e  n a tu re , o f .m u c h  o f  th e
t r a n s fo r m e d  (3 a n d , t h e r e f o r e  * /the r e s u l t s  o f  W o r r ie r  . .
-v - . ( . . 
an d  o f  F in la y  e t .  a l ,  , w h ic h  'r e l ie d  on  th e  id e n t i f i c a t io n  .
o f  m i c r o g r a p h i c s !p h a s e s ,  a r e  p o s s ib ly  l e s s  c o r r e c t
th an  th o s e  o f  A .  D . M c Q u i l la n ,  w h ich , w e r e  b a s e d  on th e
9 .  ' ' ' • • ' : .
h y d r o g e n  p r e s s u r e  m e th o d  •* T h is  l a t t e r  d e p e n d s  upon
t l i e  ‘ f a c t - ' t h a t * Y s i r i c e  - f h e ' . a b s Q i ’ p t i d n / o f '  H y d r o g e n  b y -  ‘y  •- : v  ’
t i t a n i u m / i s  r e v e r s i b l e , , / t h e / p r e s  s u r e  o f  i g a p e o u s  C ; / ?<. 
H y d r o g e n _ i h / a / c l o s e d ;  s y s t e m  / c o n t a i n i n g  t i t a n i u m  a h c l  
h y d r o g e n ;  W i U v b e ; - a *  f u n c t i o n  • o f -  t h e -  c o n c e n t r a t i o n - : p f  y V . /  /  ; 
h y d r o g e n  d i ' s  s o l v e d  i n  t h e  s p e c i m e n - .  a n d : i t s  . t e m p e r a t u r e ,  v 
M c Q u i l l a n  f o u n d  t h a t  i i i a h i u r n  - h y d r o g e n  a l l o y s  W i t h  / l e s  s  . 
t h a n ' .  I  D ;a t >  % / h y d r o g e n ,  o b e y e d  ' t h e  t h e o r e t i c a l '  r e l a t i o n s h i p .
; / ; ■ :  '■ F - . . - : =  : G Y y "  ■ ® T . V v ; , . . .  . ( 2 .  S
w h e r e / p / #  / e q u i l i b r i u m ' ;  h y d r o g e n " p r e s s u r e ; .  ; /  • - / • / /  ’• \
": yC ..v. •> c o n c e n t r a t io n / o f  h y d r o g e n  in ;S o lu t io n ,
7  Q « . / -  s= ., h e a t  o f  s o l u t i o n ' ,  o f  - h y d r o g e n  i n  V h e / m e t a l , ,
/, Y R y Y  y /  ' g a s ■ c o n s t a n t i  Y : -f.\: '■ -■ / / ■ • '  Y  s. " /  v. / / . . # ■  ■-’ 
/ ■ ' ■ /  ' T / / # :  a b s o l u t e  t e m p e r a t u r e . ; / "
Y y -•; »  y e h t k o p y  f a c t o r  «*.•//.' '/. .. /■": -v v - ' ’ ;/■//■//
Q .an d ; / a r e  in d e p e n d e n t  o f  t e m p e r a t u r e  and  'h y d r o g e n  '
p r e s s  t ir e  but a l t e r  ' in  . v a lu e ; if/aYph as e . t r a n s f e r  m a t io n  • . ; /  Y  .
o c c u r s ;  Y ,- is ia llo y s /  th e y  d ep es id / U p o ii/ c o m p b s it io n ./ / I f  a "  '
m a t e r i a l  r e m a i n s  . s i n g l e  p h a s e  a n d  o f  . c o n s t a n t  c o m p o s i t i o n
i ' j './//'-•■ . .. ;'lo g  p ... . . • . . . ' ( •
T h e  o c c u r r e n c e ,  o f- .a h y a lld trb p ic - - tr a n o fo rm 'a t io n  o r ,  .in7 • 
a l l o y s ,7 e n t r y  fn to / a - tw b  p h a s e  . 'r e g io n  c a u s e s ' s h a rp  d i s -  ' 
c o n t in u it ie s  i i i . th e  c u r v e . s o . . t h a t  th e ^ p h a s e 'b o u h d a r ie s  y  ' 
m a y  b e  'd e fe r  m in e d . y  Z T h e  .m e th o d / is  s im p le  and  s e n s i t i v e ,  
an d '- is ;. s u ita b le ;  fo r - . t ita n iu m  / r ic h  a l l o y s  :a t  t e m p e r a tu r e 's , .  y  
b e lo w  lO dO YG , /ro • /'■ 1 "  % y  './ : : V/ . Y "  / y  >■/ ' / '+  ' Y ;
A  r e c e n t  c o n s t i tu t io n a l  d ia g r a m  is  th a t g iv e n  b y
■ ;  - 5  ‘ • . . . : •
M » K . M c Q u i l l a n " , w h o  p o in ts  ou t th a t  e x c e p t io n a l ly  lo n g
h e a t  t r e a tm e n t  t i r a e s  a r e  r e q u i r e d  t o  b r in g  th e  a l l o y s  t o  
e q u i l ib r iu m ,  s o  th a t th e  a n o m a l ie s  in  th e d ia g r a m s  o f  
o t h e r  w o r k e r  o m a y  p o s s ib ly  b e  d u o -to  la c k  o f  
e q u i l ib r iu m  in  th e  a l l o y s ,  H e r  d ia g r a m  (F i g u r e s  1 
and  2 ) s h o w s  a co n tin u o u s  t r a n s i t i o n ,  a s  th e  c o n c e n ­
t r a t i o n  o f . t in  i n c r e a s e s , f r o m  a  d i s o r d e r e d  s o l id ,  
s o lu t io n  (d ) t o  an  o r d e r e d  h e x a g o n a l s t r u c tu r e  o f  c o m ­
p o s i t io n  T ig S n .  I t  w a s  c o n s id e r e d  th a t th e  s t a b i l i t y  
w h ic h  t in  im p a r t s  to  th e  h e x a g o n a l p h a s e  m a y  b e '>. 
a s s o c ia t e d  w ith .th e  p r e f e r e n t i a l  f o r m a t io n  o f  b on ds  b e tw e e n  
u n lik e  a t o m s . S m c e .n o  t h e o r e t i c a l  t r e a tm e n t  o f  th e  o r d e r ­
in g  o f  h e x a g o n a l l a t t i c e s  h a s  b e e n  c a r r i e d  o u t , i t  w a s  n o t 
kn ow n  w h e th e r  th is  .tran s ition -: w o u ld  o c c u r  as  a  f i r s t  o r  a  
s e c o n d  o r d e r  r e a c t io n ;  in  th e  f o r m e r  c a s e ,  t o  c o n fo r m  
t o 't h e  P h a s e  R u le ,  a  tw o - p h a s e  r e g io n  w o u ld  be r e q u ir e d  to  
e x i s t  b e tw e e n  th e  a  a n d .T i „ S n  f i e ld s .  ■- C o n s id e r a t io n ,  o f  th e
■ - - - : ,7 . . ■ • . - p '• • ■ ‘ .
c o n d it io n  th a t  u n lik e  a to m s  sh o u ld  b e  n e ig h b o u r s ,  h o w e v e r ,  
g i v e s  s u p p o r t  t o  th e  t h e o r y ,  f o r  a s  th e  a m o u n t o f  t in  
in c r e a s e s ',  th e  l a t t i c e  m a y  te n d  t o  a  s ta te  o f . s h o r t * r a n g e  
o r d e r  w h ic h  c o u ld  le a d  c o n t in u o u s ly ,  upon  fu r t h e r  t in  
a d d it io n s ,  t o  c o m p le t e  o r d e r in g .  T h e  sh a p e  o f  th e  P .
solubility lim it is peculiar and indicates changes in ; 
the stab ility o f the p; phase; ouch stab ility changes; '' 
camiot sa tis factorily  be explained.as Brillou in  zone 
.;e£feetpy/especially, as McQuillan points out, since /. 
the accepted valencies o f both tin and titanium are four.
The only diagram  of the c o m p le te ly  stem is that 
published by P ietrokow sky and F r i n k .and ghown in 
•Figure 1. Their resu lts d iffe r  from  those o f a ll other 
in ves tiga to rs , fo r .they fouiid'that addition o f tin 'to ' 
titanium led to a eutectoid reaction  a t  9>-5 at. % tin ; 
and 865°G». -They .are a lso alone in finding that the 
solubility o f tin in.titanium is grea ter m the p phase than 
; in the a phase, which im plies that tin should be classed 
as a p stab iliser. In a ll ,  four in term ediate phases 
occurred in the system ; these w ere 'ass igned  the com ­
positions T i9Sn, -Ti •Sn,'-T.ipSn0 and Ti.Sn- . Ti^Sh
J  Ct J  3  0 - 3  . 3.
andTi^Sn^ form ed c png ruently from  the* melt'and-the 
other two compounds w ere  obtained by p er itec tic : reaction  
O f the four compounds, only Ti^Sn had an appreciable :
. range o f cornpositidnv whereas;VI©rner;found that Ti^Sn 
existed over a.range, o f composition.. . N o .solid' so lub ility  
o f titanium in tin could be detected, and the final s o lid ifi­
cation tem perature 'for'.a ll a lloys containing m ore than
' . Although addition a£ tin increases both.the "c » ‘ 
and the u a11-param eters of titanium, the fo rm er increases 
more.-rapidly, espec ia lly  at low .tin concentrations',, so ,v :• 
that;-the'--axial ra tio  approaches, that, o f the idea l c lose- .. . 
packed -structure.*-^ ' .The compound TiSn^ m ay be ’ •
considered to be an ordered  form  o f the a solid-‘solution.
A l l  th e com pound s 'An th e s ys t em ' pp she as ’ clo ser pa eke d -: 
hexagonal la ttices  with the follow ing la ttice  parameters';
■ • ' ’ - . : .• a A" c' A c/a- ■ -.. ■ o o ' , '
Ti.Sri; • 5 .916-“ ■ 4.764' -0.805
• V  : ■ . ■. - ■
T i«Sn  ' ; 4.,65 3 5.700 " 1.22'.
t x >•'* ' * • *"*' , ■ +'■ ’ V
• :’--.T i:PSn, 8.049 / :..5V454 0,-678 ' I- v  ‘5. - / ■ ' , _  ; \ . - . ; • •• •• ’ -• . ?. :■
.’.Ti/Sri-' ' • .9.22 5.69 ■ V 0. 617- ‘ V
2. 2, The, titanium-aluminium system ■'
. ' Ogden, Maykuth,. F in lay and Jaffee investigated the
titanium - alum inium system -using-, high .purity "alloys ' contain-' 
ing. up to 64 at. fl.fSO wt. ^  )-aluminium j . Addition o f 
aluminium was found'to ra ise  the aV§>p transform ation 
temperature;"; the- solubility o f aluminium in titanium' was. - 
given  as, 38 a t . . . Tw o.iiiterm eta ilid  phases w ere .
Obtained; one was . the com pound T iA l^  ( f ir  st identified  . •
"•• • • ' .• ’ * ■. ’ ■ .'  ' ■ 1 2  '■ - '  - • ‘ ’ ‘ " ' X '' -
■ by Ma^chdt and Deber . ) ’and the-second existed.in the
■ composition range 47. 5 ~ 60% at/%;aluminium. This
_ 7.X fr • 'fr V . 11 ' 7 fr" ’ / ' *’ V  X
• -'latter..compound was shown, ,;by ;puwe&-and. Tay lo r -
, who studied alloys 'made • from . iodide titanium , to; b e . o f 
. .variable /composition but. to b e , based on. the. form  ula. TiAl.-.-
..Andnveatigation o f the system .up to. .75 at. % aluminium by
• ■••••■-; 7 .- v •' 13. vy  7^7' + .7
B'urinpa,,x K ess le r and. Hansen/; .gave re  suite dn g e n e ra l .r
•/./'s im ilar to those o.btained, by Ogden; et- al.,j although;the - : 
'a-phase was;'believed to.,form . by the;peritectoid reaction
'fr;:7 X ■' p f-T iA i% ?d *. - - • * ' ' ;\7\’ 'fr‘7 X..’ - '
. and not / as stated by Ogden et al/,. from  the m elt,'; There 
was also oome disagreerneirt about the position .of the a/ad 
T iA l'and  T iA i/ T iA R T iA l^ . phase, boundaries.- V.
A  com posite diagram fo r  the system given  by A * ;D.
■ d • 7- •.-••• \ $ : , ■ V  X . 7' ■/• •/ 2 X- •' . ■ *’ - . : '
and M. K. McQuillan is ,shown in : F igure 3. F o r com -' ■
vpositions in -the range 0- 75 a t.. % alumihiurn ,.. the diagram
-do m ainly due’’to Bumps et -al. , but tie  lim its o f the a ± P
" phase Have been 'm odified in .-accordance--with -the-results
‘ 7 •. • ' - 4 ’• - fr I-’;---' • ..... - y'-/'' ■ ■
/obtained by A . D. McQuillan using theliydrogen  /pressure _ -
method;.': Th© region  from  75-100%/aluminium is. la rge ly
•*'- - • / -' . d  . ... . X X 7. 16x7' 7 *’ .- • fry'7 ' '■
due to' -Fink/.Yah Horn, and Budge’'.; •; the solubility of . fry’
titanium dp aluminium is,-reported ak O. l ?  at. % -and a. '
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peritec tic  reaction 'a t '665'?C. causes the alumihiumrorich 
-solid .solution.-to be formed; by ..reaction of- solid ;TiAL^>; Y
with the rue It, /
;'Th© aluminium'atom is  s ligh tly  sm aller ••than 'that, o f  
titanium and .addition o f aluminium decreases-both.the ,fcn
; y .y •: ■ • and V&#‘paramefers/-bl'!fee--titahiumAafem -hat - the-- deereab e: _ /
: " is  '/not; l in e a rY \ A  bulge i n .the [la ttice ;paramptei*/composition [''
‘ . I;. Y : .; [curve/for the param eter iii; the! range 0-20 a t .$  yy . .,; y Y y
y. #• - • aluminium was attributed by Ogden et al. to contamination .
- ‘ |>y oxygen.’y  The [fact that a lldhyeotigator a. found, a- bulge y .
... • iii[the';curye s u g g e s ts h o w e v e r , [that it  may be-a r e a l - . . - -
/' • i  v ../ ,. ! '- .• effect..; / -.The,c/a ratio  naturally increases' qv©r.'this„../' ■ y y . ’ //•'
;/'v- " Y y . .  ; 'rangey -but i t  in creased  y  although m ore  s low ly ,: o v e r ’ ' yy, ‘
; ./*"; y,[:---.1'•. the- w h o le :range o f compositiou.in .which-'the.fr olid sold- Y Y "y 
' [', y y '/  • y t id n is  .stable/;' • \ y  y  V ’ Y yY -Y ' /.[:/"[ -•//[. y '■■ y/ /,. -Y ■•[/;-' 
;; ; y . The\ compound-Ti A I which id-fa'cd> centred-'tetragonal
[ % / y  y • : W ith ah.axial .ratio’- near to unity,, [has'.'ah ordered_[structure '
'•,;.[ [Y which; cannot be; destroyed by -.quenching..; -/Despite they. •/.'
V  -Yy.: y;: .y y/;[ [ordering -the -phase- exists -over .a"-fairly .wi.de*-range;of?.-/y' * A y  
/[■ + ?/ /- [/• [Y'/-'composition...' T iA l^  ha.s..a'tetragonal lattice-and only-a >;
y  y y  y . -. • / Yy/s Hght’ ran'ge; of. hom ogeneity Which,- -however* -become s'; - ,-y- :
. :.. A Y y wider, at;higher;temperatures.. y-;: ,-/ ''■///'/-/; >■ yy. >:>/;•"- y
y  y:/y" ;v' Y.', /yy///y:;It hao['become- apparent that;the--|>hasediagram/con-:\>[ ■ 
•'.y Y[[ * ' - ' ■  tains- e.dme/ano.maHes./ y  3Si V iew .o f thefextensiye\soU.d:.’;/y Y[
’ - . ' \  u,
- . /splubiiity .wlitch alum inium  is 'show n 'to have rim
it io 'd ifficu lt ’tb . explain the knbwn hri'ttleneas o f 'a llo y s ; 
containing (mor © than; 15; at •%. alum inium * . -X - r a y .. ' ■
- ; ■ 'diffraction'photograph's h ave 'showii, *'in addition;' 'to, those ''
' N.pf,thedmowhVcompoundsv‘.a ;nhmber Of line's] that' ebuld/not
-; .be-identified/'-" .The system hao, therefore+be.en  re  - '
inve s tigafed (recently; by d iffe r  erii 'Workers, • The resu lid  :
/ a r e ..complicatedrand (confused'arid the' system is. hot yet-. '
;. fu lly  understood j ' the confusion isVriot resolved. by the '
practice'’o f -re'ferring by different/symbols to tlie same '
.(‘phaseY(or by the-same-symbols^to different.phases. Y . ..
Y' CT' ’■"vJEJnce'.and M argolin  • CT\..have -published resu lts ’"
’ \ ;:-basW;Qh'm icroscopic and 'X rray  in V es t ig a t io n o .T h ey . ‘ ■(-.
Consider that the solubility o f aluminium - in : (3-titanium‘• ‘
V.. .ie(;e%tenelve-but they could-find no evidence for the , •/ .(/
‘-•'•'reaction ' 1 Y ( (Y .\ Y 'Y : CT * CT‘ -Y ■" Y  .;CT -
CT( ’ ' C T • .V-PT-'TiAi .. Y  . CT -Y ( ;■
Y( They found/two. new '.phases.? ;\T i^U 2 (which they - 
-..designated .;‘y)'was■•hexagonal,, with/a- c/a ratio.half'- Y (
■ that'of: a - t i t a n iu m .- /T i^A land  T iA l Were both-believed 
to. be form ed byperitectoid 'lrerictiphs;: ■+ • _ ”  . ; Ys
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.; ;A t le s s o r  ‘concentrations 'of'.aluminium they, found another \ y
phase £ /’-which was thought ,?b be hexagonal;, it existed fr. .7 7 •'./ *;7
v ••; ■ -/...’oyer the range 15-25 at. % .aluminium., * but'it wap unstable : ’X . ;;•/ /fr 77/
. and- .transformed'' t o :  ■ fr ^  .: . “ X-TMs-wduld -appear'.to be the . • ~.-fi
: .. / -phase which they, variou sly  describe,as Vy or • € ; in-'earlier . /; - //.7
v ' y •, > paper s . , ' The lim it ■ of, s o lid . soiubi.lity o f a was .pla c.ed at.fr-' ■ -fr.: ... ;;..7 y-
--...12,5 - ;|3.5 at. % aluminium^at 800° Q,[ a value which /•-' fr frfr'x *-x
.... changed litt le  up to 1000°C. The. a fraud <5 . phases .were • • •
fr-. : fr . thought to be form ed by thefrperitectoid 'reactions;. f • /-■ • y . 77
'/ '" ' p +•■ y  I  at n 5Q °C " /■ / / / . ■  :/ / .
. / ■ 'X  v/ fr ' fr- ' / P + *  X” * ! * * 1 :\V;at i075 °c '‘. '*■■/. fr-’/ fr  / ./
y-X The. phases encountered,, at low, tem peratures, .were ' y • xy ’ ' xfrfr .fr-
■ therefore;, a,frS or £ y (T i~ A t) and,T iA l. fr "fr x ..V 7 V  XfrX7;v77
/*:\-v-y ’ ‘'V  * a ‘ ! . g l t ; •">. *. \ • '' ; * *•
. ;: y-'./d. * Sagel et a L --7 have;ihvestigated.the syotern;tip, toy x 7‘. •* . 7 ;7fr *. '*•
• v  . , - 55;at. %  aluminium-by metallogx^aphic/frelectrical/ m agnetic, ' fr" \ 7f r f r 7
dilatomeixdc and X -ra y  methods. The diagram they obtained ■. •- -  XX fry ;
( x i-o‘ shown.'iti-Figure14-.- ' ’The..,succession-of- phases-.is- a y . €» -  x" fr .-. ;
: -a^andy;.- the" lettering o f phases d iffers  from  that o f Ence -fr ■ V  7 y
7 and M argolin ,, -.The'lim it "of dspil'd, solution is  s e t .a t ' : .- fr 7-X 7'X, V
- ^ ' 1 1 '  at. % V  '/beyond which a : second phase appears * frXhis *= . - 7  •. v ' - . 7
frhas. ati -hexagpnalfrotructure. fr ■. % fo rm ri Trorn/a^ below ‘ f r - ' 7 '. - 7 7 7
, ■ 7fr 1000°C, but its 'structu re douid-not.be determ ined exactly; fr" r' • .7
i l  ia tehtativeiy given as ’fe.ce-.d'ehtred 'tetragonal with' ■ 7-7-7’ ' y .7'''
a tf 3. 76A0 aiid ^/a ~ i .  26. . X;. ■ - X.-’ - 'X.x‘- "X •' , : .--Xx 7'y 77
. •; v y  22 ’ ’ ' Y- ■ ■' ' - • Y Y '. . ' Y- Y  '
‘; CT • ;• 'Jaffiee .CT, comm entmg- upon recent (result o , suggests ■
that-.a -  undergoes ordering to form, f,:: which probab ly *■' •> -
has. a structure s im ilar to  T i^Su ..}. The in itial: ordering
' temperature© 'deereases.-as tire'composition departs from.' CT
th e 'id ea l ordered (structure,;.and it- is  probable that the - (,'- .(
development • of.o'rdering- in  low  (a lloy /causes /the ■ '(
■" tern per attire cf ependeht■ em bri ttlem ent found in certain
.titaniumr^lum'inium alloys;,:• •' : : . Y, CTCT..*: Y
(-•: : •; , It is  rather surprising that no'- phase based ’upon •“ Y-'. (.-
the/Ti^Al composition is  mentioned in the work o f ] Ence
CT. Y Y ;Y - Y  ■•- (■ Y Y v  y j -:23 : • * ■(( Y:' Y  :'Y y  CT- ...
: and M argo lin ;( SHeirokowskyV was probably theVfirpt to'-, - -•: (
id en tify  -Ti^Al, which: he found in/alloyo containing ’ /
sbm ey/hat h igher aiummiurn c(qntent6* :than the s'toichio+
•m etric ra tio ,:-... . .,CT CT.'CTy CT' Y ' Y-  / . .-""Y. . Y -.Y (- Y;
.to. ~ •
/.;(,/grain 'boundary'precip itate, Ypr:whiclr'.‘some evidence/ (-' ‘
•Y exiots. This, rriechanism, and the alternative-.theory , Y  'Y 
. based upon, the- 'for maiioiv o f th e ' o r  der ed;' .Ti CT 1 pha ee,.V .
' 1 v v- i ' j  * ,  ^‘ _ s % & ? ■ - . /v  * ■< * ■ . v*/ * ‘ * . .. J  (•' * »’ y* • * % v < .
[ .(a re  at; present being, in ves tiga ted ^ * but it is  c lear 'that Y \ Y . /
‘ ' .no defin ite ih lerpr.etatioh/orthe'system  can yet be advanced
CT’ 2V3- /(’. The, titanlum -alum inium -tin1 ayotem. - : •; ctY ‘ Y . Y- - 
.* ( .' v(...V There/are np:pubEshed(data(fqr the (titan! urn Y alum inium 
tin system but from  the .binary diagram s' it .seemS lik e ly  that 
h a/fairly- eritehsCTe:Tange;'qf-.soHd:Y ^ ^ b ility %w ill exist at the .
titan ium ~rich• Ohd o f  the d iagram •'at [roozn[tem peratu re... \ ,• 
[A ll the■ alloy-com  positions considered ’' in this invesiiga-* 
tioh w ere  believed-'-to. fa ll .within the single 'phasecyregioa.
;2,4:.y . M echanicai properties.-of.m elted .alloyeY ’ T  •' /.
-Y/; ;; ■'' Titanium  .-alloys' containing; sm a ll amounts of tin -. 
consist o f a solid solution.at room -temperature.v/ Titanium 
tin Alloys.'-retain a much grea ter proportion' o f'th e ir  room • 
tem perature strength .-at. high-ternperaturep 'than does//•/ ./ 
■unalloyed t ita n iu m Y  Su iterYyip  und; that; the addition:of •': ./ 
fy ; ,(i 3; w f %)  tin [increased' theYrpom ’ tern perature .-
.strength.of, K reittitam u m  from  .34’ tp 50 tons./in^,-- with , 
on ly a :s ligh t’ddcrea.se 'in  ductility* .[ Avgraph o f  strength 
Against testing tem perature: showed three distinct ,v>.v -./
ternperature,-ranges/which were' independent .of tin content. 
B.elow" 300 °G;-ah'd 'above' 500 9C 'thd:-strength 'fell rapid ly a a.. 
fee  tem perature increased;- .between theee ^ temperatures,.’ 
the .strength .remained roughly constant.:/, Even at 500°C,
how dyer ,v- the 6 a t , % .tin; a lloy  had' an [ultim at e ten s ile :. .
• y .  ■■ ■ ' Y  -2 *  ■■ ■ /•
strength of:-.Z5.-4[tons/in. -A which is more; than tw ice ae "
great :as that o f Unalloyed [titanium; at this /temperature; ;
A lloys. with/more-than:’6;.at. $/tin £aiie;d'in[an inter,-’ '
c rysta llin e  .manner/above 500 aiid had low, v a lu e s ; - o f , ■
• - I  ■ ■ / f r f r  Y . : ; f i y V  , ; . f i  f r - , f i f i  f i "  f i f i f i f i e
'•-'•7 elongation at fractu re, ylnfrafr further study, S u i t e r ’ ’ '' : 7. -fr'y. A -7
. fr- >  fry : investigated the p roperties o f a titanium a lloy  which ; /./•- fr./Vfi'
•' '-.contained-11.4";aty% tin. This com position:lieeheypnd - - W  ■> - ' ;7:-
... the a Volubility -'limit, so that the/str ucture was, two-phase, •••/'• - . 7 7 +V:
7;.;* , . and -consisted r of- ..<&g .. solid solution ‘+''Ti^Sh-<’ .; The a lloy  7 ’ fr / /fr. ■: fry?
/fr/fr-' ' 7  was much' stronger a i  a ll temperatures.than the. single . ; y  f r . V ' y • fry' 1 
fr'.A. • fr .7;;x phase a lloy  with 6%frfcin, and; at- 500QC had an Ultimate . . fr ■ : : ‘ 7 fr.y fr
•*’; . / '  ' 'fr-:tensile strength o f 40. tons/in. fiafc-'r,0 0m fempe.ratureL ' 7 "fr
. ’ f ‘ j  : fr --7 how ever,fr; the'presence of-Ti^Sn caused, binttieneUS/ fr -fr- ‘ -• -\ fr';//y .':7'7
. -7fr-:.' •; fr - 7  7  fr’ -frfi , :'VX 2,7 ' : -r 'fr ■’ ’/fr'fr- • - "XX;--X-’" frfr.-
*:.//; y  7 ; Craighead, Simm'ona and Eastwood -added sm all "-■/ . fr-v'. ’ .. y.. '"'frfr fr frfr-
* ’ 7 '. •' 1 d Uahtitie s o f t in ’(up. to .1., 69-. at; %) to titanium but fr con- 7 -fr-:--7; fr/X
7 ■•**'. eluded that the additions had litt le  effect, on .the''tensile:.'' x 7
- properties; ./the'alloys' w ere  not/Susceptible' to solution-. fr"-'-,'. , fi.fr
. 7/ X . - -‘Or‘ageing treatm ents, .fr . 7 7-.fr 7 fr’frfr yy /-. fr-'' • • -,7 fr ’ 7 'fr --frfr
-• • :: v-‘- •• -‘'■■'fr 77. . f r ' . .7 :- 28' -fr-- * -" ' ; fr " .  ■ ’ " 7-' - - frfr -fr':-.".7-
:•* ju-. f r , . Rennhaek and Dibs ch" have recently studied the -fry. fr;: :
. y- '. fr "fr" . 7. y-.---' . .7. .-’ • 7 . & '. ■'/ "fr •• . fr fr *fi y-' ■ fry- 777" V
fr effect .of additions.,,.of 6/5 and l70%. o f tin or aluminium on-.' 'v'.X;re 7‘
. the ductile-to-brittle ' transition in titanium, Pure titanium , fr--fry:y-
yfi- ’ fr -fr .fr. undergoes no such transition but brittle  beliayiotir is induced . 7 : , y7
7: ‘ 7 , r by the presence- o f in ters titia l el ©ment a in amounts in excess - * : ' 7'. fr fr--
. . . . . .  ; ’ .frj-- .:fr ■ ; ' - f i . f r '  -■■ O ■ • ;* ' fr' . - .
o f 0* 13% y*oxygen equivalent11, (defined a s - j  (%X;carboh) -fr, ; : ' ;. fr
. ' . 7 * .fr".- - oxygen. + 2f‘% n itrogen )'). fiToy titanium with oxygen ©quiva-* . fr.- '-'fifr.--frfrfr
fr.-;‘ lento greater thaii 0/30%-the addition o f 0; 5% tin  raised the/fr . fr fr .- : ' 7 'y;.y
. ' ,transition tem perature but the- presence, o f 1% lowered it : 7 .' 7*fr -7fr
' f r f r  fr- - 7 •’-fr jJ" Unless otherw iee Stated percentage.s. are; •, y fr7;-.:xfr
y v "fr-fr. ... -.. -7 fr ■' ■ fr-5..by weight, frfr ' •'* -X..fr-.v . .fr'
again to a ’temperature, below the base level./ Aiummiunj •/ 
acted(iu/an opposite manner.,.0. 5 lower ing" the tran s ition . 
temperature.ahd. Ifs .raising.if,*-.. '.No detailed explanation 
o f this behaviour was. given, . It w as : auggested, h ow ever ,] . 
that oxygen caused brittle  .fractu re at low temperatures, 
by restric tin g  deform ation and that the addition of tin or •' • 
aluminium altered  the distribution.of oxygen within the 
titanium lattice, so that -slip and twinning w e r e ‘made eas ier, 
....- Y  -A number o f patents,;, dealing with - various/titamum- • 
alloys containing tin, have been granted,.., - T h ese-re fe r , -
in genera l, -.to/a or (a 4* p.) alloys with good, strength and *-
/■;.... • Y  Y .-• Y  ../*■■' ■ : ■ -■ Y “ ' - - y  Y  29 ;
ductility .which are. stable^ under conditions o f c reep ,:. /
• Y / - O f 1 greater im portance, how ever, is  a:series.- of' Y
. Y  : : ''3G-33- Y  CT Y  ' -V*: . Y Y / y  Y
patents by. Ja ffee.et al, v. ■- , which.deals w ith  titanium-
and,titanium-base alloys containing'up-to 23 wt, tiny • YV
-Tin is considered by thep® workers to. be unique, among - >
alloying .elements' added .tp-.titanium;- it  is claim ed that
since/tin a ffects  .‘the,transformation: tem perature litt le
it may- act e ith er. as an ;a o r as :&. p- stab iliser according/ ..
to the base.: to which it.is ' added, .This, led to the fabri'ca-
ti'cm-of".ternary .(and m ore com plex)/alloys $, whose
.atr-uctures'consisted- of"the a,, .p(or (a t  p) phases and.
which .contained appreciable quantities of tin;-■ the quoted ’
r  esults show that these alloys poe sees ed good m echanical 
properties#-'7 7 7 7 y ' '/;■..•/7+ -7 '/, 7 - 7 7 7  Y
/ . y Perhaps m ore rem arkab le , h o w e v e r is  -the claim  7 
that- tlie ■■presence/of 5 %  o r m o re 'o f  tin in crea ses . the 7  , ■ .
.tolerance of titanium • to the interetitiai/elemenfcs to odch 7 / 
an' extent that com m ercia l t itan iiim *W -p u rity  which would 
not be sufficient; for; norm al; p iirpdses;-can be- -used: I f  - alloyed 
with tin. / The addition o f the in ters titia l elements to such 
an a lloy  substantially in creases .its tensile strength without 
reducing the ductility to a le v e l which prevents working.- • [It 
is further claim  ed that titanium -tin alloys cambe Heated to 
elevated 'tem peratures in a ir  and., although they scale; 
fr e e ly ,  - contamination, i s-pr evented-since inter sfitiaT  : y :. / 
elements-Will- not .-’penetrate''th© alloy.-; 7 ;
Ho;theoretioal/e%planatiph. p£;these claims has been-- • 
published, , ’/it-Is:, m oreover, difficult, to account satibfac- . 
torily*for,-the.’bonding in-titanium its e lf  >.,;ahd 'such 'an /- A • 
explanation ■ m usi ' undeidle W ily[theory o f titanium: a llo ys .. .'•[; ;
' The free  atom ;of titanium., contains four outer-7; 7  7 -' 
e lectron s j-two o f which are'-in the 3d and two in; the 4s.’ . [ 7  
states,.-.' T lie energies o f these states d iffe r  little 'and .‘it-. ’*•*' 
.appears'.;that|; iti the 'm eta i, there[['©?dsts a ’common ' 
hybrid ised  band o fe le c t r o n s ta td s > '. I f  ••all.four'electrons -
take .part in  bonding .(as seem s lik e ly  from  e. g. the, 
high m elting .point o f tjttanium)'Th© - B-riUbuih' zones w ill / - 
have a. complex shape and, due to Overlapping o f the - 
f ir s t  tfione, there w ill be e lectrons 'a t the top of the F erm i 
hand which' would n o t -be on-a Splieri ca t Surface in K-Space 
• \  fr ■*'Titaniutrifls'.a tran s ition m  etal although it has no ‘ '• 
well.defined,band o f.d  electrons'such  as exists.In-iroii/  ■ 
cobalt'and nickel,/.. The collective''electron:thepry-.of:- frfr -fr; 
bonding, sofrconspicuously.successful with metals .of'*. 
Groups T and 11 o f the';J?.eripdic Table-,frhae. contributed • 
litt le  to an understanding o f the - bonding • in' the transition 
metals,., because o f the com plicated: e lectron ic states- in ;• , 
thes.e-'materials* . ;frfr /" ■’ . frfr'- " .-fr'fr • ..fr, . fr*’-.. •
■ ‘ A  m ore  fru itfu l approach, due o rig in a lly  to-
-• fr . 3 5 - 3 7  , ' ■'  /• * /fr. -: ' '• X  . .frfr ', f r - f r -  f r :  '
Pauling . •; v , has,been to  regard 'th e  .'metallic bond .as a  •
som ewhaianalogous to the covalent bond of chem istry, in
which electron  resonance is..possible among,an excess o f
b0nd;positions;...r • In. general/ bonding in-transition m etals
involves a pci hybridised orb ita ls; -/.Pauling divides the
fiv e  d drbitais-into 2, 44 non-bonding (atom ic) and Z, 58
bonding orb ita ls;: the latter-can hybridise '.with;the three-/
p .and one s orb ita le to g ive a total o f . 6. 56 bonding 'states.. -
Only.5, 7,8 e lec tron s• can, 'how ever j. enter -these states-,. the
. xtem ainirig.'OvTQ.m'etallic. (or bempty1*) orb itals being -. 
requ ired  to' confer, .the/cEaracteristic m etallic: character . 
This leads to' 'orits, .shown hi- ,’ .•"•
T a b le 'l l  fo r f the elem ents’ in the first, period 'of-the. - 
P er iod ic  T a b le ./ ’: v./ v.Y -'w /'•*
7> '( -This 'concept in vo lves  .;a/‘ constancy o f valency for
the' elements beyond vanadium, ."a (fact/'which ..does; not- /.
accord With experim ental dbservaiibiiV Hum e-Rothery,
•’ r ■• . :; ■ ////.' 38CT " r- *- - CT ’ : V- *■’ .CTCTv -.
■Irvine' and/Williams. " therefore,";suggested valencies'.V
re la ted 't’d those o f inorganic chem istry. • The valency
the elements increases to' a-.value of f iv e ' in.Group V A
.but beyond.this, the exact yalues'/.differ for .the’diff©rent .;
..'transition-series. .{.-'For the second and-third periods a *
• va len cy  of. s ix  is A ssu m ed ‘fo r  molybdenum and. tungsten
-but,/on moving fur ther to the righ t, the’ valency decreases
-/due'' to 'additional e lectrons ehterm g non-'.bonding orbitals
and/being 'coupled With electrons which.had hitherto;con--...‘
■tributed'to bonding.- /.In the- firB t transition' series  the / •;
■iioii™ bonding States "have a/greater, stab ility  and 'electrons „ -
■ enter these.orbitals at ail e a r lie r  - .s tageso  that -the
behaviour o f these metals is  d ifficu lt.to  pred ict. .
/ \ j . \ ; These' view's seem -inherently m ore ,lik e ly  than those;
o f Pauling but ’the approach o f  the la tte r  is  im portant .sine®
he'.directed attention to :th© ‘poss ib ility  -of-locaU'sed. - ; /
bonding around'-pairs of atoms and'the -motet'recent, .
■7 v  . 7 7 ' •  -7 7'.. 7. •;; 7  ■ - 3 9 - ■-
and-most1 feceess fu iy  -theory, du© to 'Robins : ..y ,r -j v. 7  /
utilises the-concept;of-resonating'-cdv&ienti:bonding-. 7
Robins accepts fe e . va lencies ’'.Of Hum e-Rothery-et’/.&l. 7
and proposes ifchai:the".energy o f  -the- -m eta lis  due. partly.
'■to the. strength o f the electron ' bonds .and partly,-to -the ; 7
stabilising ’e ffec t o f resonance, 7 " This latter reaches. , : '
a: maxim urn when the'num ber-of bonding' electrons/ p e r . * ; /
atom is half the;■^ corobrdiiiation'/aumber,;of ihe-'metafc- Y v
lattice,- y , ' 7 ,  7  7-7. ' -•7 • ! .••.‘•7 7  *.
-Y. • -Face-centred-cubic la ttices  apd hexagonal;lattices' ■ 
w ith-ideal c/a ratio;have a co-ordination .nUtn-ber o f tw elve; 
the' coo rd in a tion  number of- body-centred' cubic..structures ; 
.is. only s ligh tly  lesfr than-.this, so that a ll three structures - . 
can be considered,to have the.-.same' co-ordination nkn'ber 
and, hence, to/require six/electron s'-pervatom :for maximum 
bonding energy* : It; is towards; the--centre. of .the ..transition... - 
series- where th ere .a re  high -valencies, /thereforej . that .7 J 
'resonance is  espec ia lly  im  por iani, Elem silts which do  
not -possess- six- e lectrons.per ’atom-'will attempt io  - ; 
approach the optimum conditions •more- c lo s e ly :by in - 7 
creasing their-/average num her;of/ele.ctrohs!;per/-atom 7  7  . _
- . .. ... . :y X •/' '. -• X 7. t o - : , A  32fr- fr fr" frfryfr- . .; TV  ' - frfrfr.; '  -fr. / . ’ -fr;.. . fr
( e .  g .  b y ;  a c t i n g  f r a s  e l e c t r o n '  a c c e p t o r s ,  o n  a U b y m g ) :‘o r ,  
b y  r e d u c i n g  - t h e i r . ; op-o r d i n a t i p u ;n u m h b r f r b y . , . c r y s t a i l i s i n g  7/ -.• • "7 . 
frfr i n ;  a n  h f e 3 s a ' g b n a i v ^ T ^ g © P ^ b n t ,‘ w i t h v n o n r i d e a - l ’ a x i a l  f r r a t i o y . . : v  ’ •
7  .which is ,  th ere fo re , not c lose-pa  eked. , 7  Thi'sfr latte rfrfr frfr-
: j : 7 . mechahisfn ‘i s /  h ow ever/ th e  l e s s - ' f a v o u r e d -of  t h e 'tw'q-\ - 7  7 - '
■ 7 " h i h . c e * a  m a t e r i a l  w i t h  . s t r o n g  . ( b u t  n o t  m a r k e d l y '  ' / f r y 7 . 7 x 7 ;  v '■
■ ;v. d irectional) 'bonds w ill'ten d 'to  possess -a high'co~7fr frfr- . ’ v. -7 ”7 ‘ frfr
ordination ;nurrib©r;v •. a :V* / fr v ^ X t i/ fr "  fr-fr7 '7 ‘7 'fr7 ."' / -.frfr 1 
. - ‘ --f i  '.frfr  Kobins has'dis.cussediiU some detail the:structure fr-7 -‘ fr.; 
/frvXfrbf;titanium".and its  alloys .'in- term  s'of-'thifefr th eory .' Since '- 
/  titanium possesses;, a maidmum o f "four va lency e lec tron s , . X 
;;ya‘d istortedhexagonal structure m ay be predicted/for the-fry 
' X m e ta lw h ich -o n  alloying w il l  act aa ah-electron acceptor ■ 7 fi -’fr. *
- 7 .  i n  a n  e n d e a v o u r  ' to  a p p r o a c h  t h e  o p t i m u m 7 c o a c e n t r a t i o n - : y  y  frfr.’ 
frfr / © £  s i x .  e l e c t r o n s ,  . p e r  a t o m . .  7 sT £ ; a d d i t i o n , o f -  H y d r o g e n  . i s  ■ ’ fr ■ 7  • / '  ;  -
c o n s i d e r  f d -  a s  . e q u i v a l e n t  t o  . ' t h e / a d d i t i o n  - o f  ' e l e c t r o n s ' - ( a h f r ' , 7  x 7  • , y ; 
-V ;  ■ ■ ' • a s s u m p t i o n  w h i c h  s e e m s  j u s t i f i e d  s i n c e  h y d r o g e n . g o e s  f r f r , 7  '.fr fr; ...
. i n t o  s o l u t i o n - i n , t h e  i o n i s e d  s t a t e )  t i t a n i u m  m a y ’1 b e  7  y  frfr* : -'
■ expected tofrforrr/a hydride, with:a lim itin g composition; // Tfr.fr " 
.-•'fi-.’o f ;TiH'7 which eorrespdnds: to an. average ’o f six:electrons,,7 fr-. '..fr:-.
- . - p e r  a t o m i t . ; f i a s i b e e n -  o b s e r v e d  - . t h a t  t i t a n i u m  h y d r i d e  / f r / - *  fr.-;. .fr: fr 
fr fr 7  e x i s t s  f r u p - t o  a  c o m p o s i t i o n  o f  T f r i H  ^ f r f r ^  a n d / p o s  o e o  o  e s  ' y -  . fr: >V,, .'frfr _
. fr a -face-centred, bubic -styiieiure '(i.fre. o f co-ordination frfr ; fr; a  frfr".
7  fr n  m m  b . e r , / t w e l v e ) , . - ; - ' " A g a i n , "  a d d i t i o n ;  o f  . t r a n s i t i o n  ‘ m e .  t a l a  fr '.frfr 'f r f r ' < fr;.-;
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. ,  y  :tqv titanium? (whi c&. may be /expected, ! in '’gener a l *( to’.- : ' ’■ *.
v-/y. add (electrons . to.the* la ttice ) , stabilities the body- - ' ; v': •
. .Of/centred cubic phase- at the''expense o f the 'hexagonal;-----
• \:phase. /The.-rate' o f.decrease .of the;p/a:4 transition ;+•• : 
tem perature is believed (-to-depend 'both upon .the (valency'
.: and the (s'iae o f the solute 'atom; and’-calculated/ rates'- ■ V ; •  ” -((
■ agree-w ith thosb -repprted^'experimentally.;' Y T h is •- :' ' -V
V- behaviour m arked ly :r'eetricte. the solubility o f the -:( :'.'/V;; '; 
;."Ytranaition elements .'in'the, d. phase but the few/data'-' .
Y- /available show that’ Addition O f thep'd m  etalb; cau see,- a h . ; ■" 
in crease in. the axial-.ratio,, which m a y  (be looked- upon' as 
" ;'an; att®mpt,• '-caused (by(the • e2£tra?^obt?diiq-Introduced in to ' 
the la ttice, to approach .more',closely."the .ideal c/a ratio  
(A-These.‘(examples, letid := support'to?Hobinis',.theoryvof'( 
the structure df titaniiim  but it is s till d ifficu lt to account V . 
."•'■for; the effect' o f  additions of.'tin due -to Its  hon-'transition:' <• 
Vstructure;.; ; ■.Metallic'-tin possess es ..a .maximum’’ o f  four. : 
valency.'.electrons but it 'has..often: been as serte'd- that tin  
VV(Isdhcom pietely iohised.in  Jhe;(metallic((btate.V] I f  tin ( Vr:(; *. 
';v:'v//cbntrib'uf'es---£pur electrons(to;'th©. 'lattice upon "entering :
■4 splid (solution in  -titam urn ther ©( will- (c learly, be mb. va lency ( 
•;:(• ;..e(f£ect;(' this. view.-, is ( supported--by the sm all /change'; in the Y 
.Y  ttansforimation -ternperat ure .-pf titan iu m 'cau sed  by ;■( V y  ■-
addition of/tihy/y-y-Thb. t in ;atom,, however;, i s  aome '?$• •. *,
■ la r 'ge r ' than;- that of: titanium /so:that the ‘ s ise .factor;■ - 
^effect ..might b eexpected : to ;resuit-iii/a7,1 built'-in11 ; \y- 7  • 0 -'
‘.decrease_in"qo'-prdination which should be; associated V - \
; With; a d ecrease  in A x ia l ‘ratio*. V' ' Yyyh"1-> ;. A y  ;> . . 7 ;Y7
'• y ■ :  "[Such, .Ixowdver,, -'is AOt;th© case; tin- increaseaytlie v 
V/ay-ratio.. ,• .-r In s ©eking -to exp lain ,th is , two- points; are- / 'G,
. note worthy.*'■:• .The, theory is  applicable "only to transition--:: 
■imetals; bonding-effects due to addition o f {I sub-group 
• el©menfe.m'ayynot,-'therefore*- be;sim p ly  related-to-the y 
numbers Of electrons.; -Further,. th ere .ih  no' known > ;}77 7 ’ 
case, in which addition o f a second-metal decreases the; 7  ’ .; 
-'.axial r a t io . o f t i t a n iu m e v e n  alum inium ,y a m os t  potent
■ a /stabiliser-#, increases- this ra tio ; , I t ,  th e re fo re , seems 
open;to-.some- doubt whether fee  c/a ratio  o f hexagonal 
'transition m etals i s , : in .fact, la rg e ly  .controlled by ' ■ -7-
•electron resonance conditions or- i s , yrather,;influenced
by other, as ye t undetermined, factor s.1y 7 ; y y- ./[.'['y.- - 
yWhile ;the results quoted in- the -patent's of Jaffee 
.ethai; are,of; Considerable theor'eticalintere's.t l it t le  7  y  ;  
com m ercial;advantage .seems to'have, resulted to the . . 
titanium - industry which, s t ill -mainly -use's tin , in; con- 
junction with aluminium, Til ct'-alloys;.- y , 7
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. F o r the ..commercial production o f a alloys fo r  
frreep-resistance, the use o f aluminium y as a single 
'alloying addition, has many advantages. Tt alone -of 
the a stab ilisers  ra ises  the transition tem perature 
appreciably; , it  is cheap and ea s ily  obtainable and the 
Tow den sity  o f aluminium ' g ive  san-alloy, o f ' low - dens ifcy. •
and high otrength/weiglit ra tio . Ogden, Maykuth,
.. 40  . •' ’ ' '•
F in lay and Jaffee found that the addition of aluminium 
caused a considerable.'increase in.,the-strength of. 
titanium. Satisfactory hot working- properties w ere  
obtained with aluminium additions up to  about l u/c but 
even in' this-range the.'amount o f cold: ro lling which the , 
'alloys could .withstand was m arked ly  reduced by the 
presence/of ' a l u m i n i u m T h e  . r e c r y  stallisatioh tem pera­
ture was ra ised , - from  600 °G fo r unalloyed titanium to 
800 °C for the 5%/alloy. The addition of 7% aluminium 
gave a strength of about 47. tons/in % and a minimum 
ductility>:o£-1 was .reached, with. 4^  aluminium;/■ the.. 
pres en c e o f 5 °/c alum ini urn. inc r ea s e d the hardne s o. from  
100 V P N  to ;280 V PN . The hot ro lled  a lloy  exhibited 
anisotropy, which increased lin ea rly  with increasing . 
aluminium content and m ay, i t  is believed , contribute 
partly  to the poor work ing properties.
\
- 3 6 *
This' poor w orkab ility  lim its  the amount o f 
aluminium which can.be added. H ow ever, additions o f 
up to 5% tin to the titanium .-alum ini urn alloys increase 
the strength o f ;the alloys without g rea tly  reducing their 
ductility  at room tem perature, o r  their w o rk ab ilitya t 
• high ..temperatures. The-r esults obtained by F i n l a y , 7 
Jaffee, P a r  ce l and Du stein by adding tin to iodide 
titanium-aluminium alloys a re  shown in F igu re 5; 
the resu lts obtain ed by using com m ercia l purity -fr 
titanium are a lso given.
The optimum strength and w orkab ility  is  obtained 
•with-the' 2. 5%; tin 5% aluminium.’a llo y , and this has
been developed com m ercia lly  both in 'the U . S .A .  and in 
this country. The a lloy , which is  a in structure, i s  used 
■' in 'the annealed- condition and can foe supplied ao sheet;.- 
the tensile, strength o f the m ateria l is. about 50 tons/in 
at room tem perature and its creep -res is tan ce, up to 
300*C~4000G ,; is  good. • F igu re  6 shows the variation, 
in  'properties with tem peratures o f alloys o f this com - 
position made up.from sodium -reduced titanium sponge i  
values for the'u ltim ate tensile, stress and the creep  stress
o f an a lloy  fabricated from  m agnesium -reduced sponge are
4 2  . 3
given in 'F igu re  ■7.™ The resu lts o f F in lay et. a l. show
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V ’Y- v ..'that' .the-impact otrehgth;o£yhe a ilo y .is  gbqd;. - A t . " r o . o m ' :
a ( YV/V-Y /  ' Y--Y" YY '' °y CT :-.y'CT , ; .Y- / : Y :- ; ( VCT// ■
. tem perature a:value‘of/20'ftvlbsi',wah;obtuindd/fro'ni
.V j* - vCharpy; specim ens3/thiti va lu e -fe irto/ i 6 ft, lbs i : .at>-,40f«G. ; ‘
; The': bend ductility-was ’-rather,:, low; and.-.did-'hot. improy© at-’ • ..
• (temperAtures/up tb' 480flG;; :' ; The- fatigue: Hmit is./heariy - •
Y ‘ 60fn/of the • ultimate.',teiiaile;strength' and the-''alloyhap ■- ( / •; •-
•' /  V; beenAhowh hot -+o: ftel g rea tly  notch sensitive.';-.. .The , ... ..
YY ‘CT str'©rigtii o f vthb'. 5 alum m i um • ~ /2-f- %  t in .. a llo y  can 'be' • ■ Y(-a
V / A y  increased., to 60 toft s/it* -'-:w itii■ only., a,plight- deer ease In  - .yy y  ;
:du ctility1/'the tin content' is.■raised to 5.%.;y ( l i th e ,- .y-a Y. •'\ .. . -(
: Y' alumimumycotitVqb. is. greater, than 5;  ^ fabricatiosi becomes ;;; ; -
difficult;V] V] / / / .;  / y / Y  (C T (iy / y ^ / ' / :CT • y v / / ' Y  V
YY-yY - Y Y Y  ‘ - 'CTYY- CT/.y Y.YYa; .VY-(; ;Y' . Y x . . Y - ;  .Y- '
■ -Y v-Y V- Faxf creep  resistane'e at:elevated t e m p e r a t u r e s -- ’ Y ’
*•'y - ' :y-.4-.y; .y y ..V y +.xCTy  y -\ , y  y -y  y . m y -aY. -vY-a - m y
• V Y ’y . ; how every-a, better A llo y  Is undoubtedly that' containing V7. " :' -a
7' Y Y Y-- - 1 a?id'‘.2^i^ alum inium , (which; retain's;;useful7strength ; y*
* y . - ■ • YY. tip to-'500°CY7 This ;a?a ildy was..developed-by;'Rppe^ialy; *• V- .Y 
; •. 'Y -. r'; Ghem leal Industrfesvahd .has/been used as .a; m aterial. f o r ?  7-‘ .. :
;?y V , 'y ;  Y t u r b i n e  A  pm pres sdf;. blades Yn ; a ircra ft.: y-.At/rdom, tem pera-^ _ Y. Y
I. .* y y j - Y 7  ‘y / ‘ v ; 1“:7 • yYi*y/i5 ’ CT'**l* ' \\ - C T y + %,*\, |t .V  7  y  Y ; ^ '  '• * * * ‘' * * ■**' -
/ •: j Y.,;- - - - :* i ;.y; t ur q.'the: a llo y  has a;; s tr  eng th p t  681 ton/in^;and • its proper tie  s •; ?; -'
: j- i\ "i ;;;Y YY; ;Y, V./ Y'-YY *.'YCT:'vi : •  -Y -'.4 1  Y’ .Y:YY • 'Y. !Y. Y/Y. ’ -Y /:('
Y'Y.Y" YyMY  ;,’yHave (recen tly  beeii discuss dd; b y  Jnglis:V;*: .. y A  (com pr,pmi s’e ' *;(.(• y
<*;Y •». / ;v-(Y;.- '» / * ' . "'"'./Y?; .. • .+-• L rj/-. a. ;•
' Y 'vy.Y * . : v; /.(-baust;be':effected:'between/aluniihium-:'-additions-i^.Mch.:giVe;(«.• : ; - ;
v;t; ■ ’ ' ‘Y Y/Y - Y;Y. • ( v y .••;-( fr j  y  YY/ ■ -/ YY-'^ Y/y + Y ' (/ ; * y Y ' Y ;( - Y (>; .y." -■*._ _ ■ y .
(• (; 'V(: :;:-Y( ,(YY(,YY;Y strehgth) A iid ; tin additions (which f  etain( ductility) ‘ and; fchis Y -/ ,(,* •
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./ ' - . . n o r m  a l l y ;  h e a t ,  t r e a t e d  b e f o r e '  u s e . . 7 - 7  H e a t  t r e a t m e n t .  . [ /
y v ; " y y ; ' * y r / y  b b n s i e  t s , o f . q u e i f e h i n g - f r o m  - t h e !  p ;  f i e l d , '  f o l l o w e d - b y  , ... 7 /
-,y; -7/ /ahnealihg/in.We d :fieldyy/y-The latter/tr.eatment/.i;7,.;'; 7
* /■/•Y:'.y;-;/‘ :r ■ / nee essitaTes''quenching’’the.specimen;; this m ay be >a .. 7: * / 7\ y • 'y y y / : Ay A
' ■ 7 . ; 7 Y y 7 / 7  7 /  .7  . ‘dis advantage with la rg e r  • s op tio n 's . but” it- allows a  •boh-/ 7  7 .7  . '; r y  ' v ‘. c  : ; ' y j
y y y y / .y/y /-yy siderable/rangeof.hot;working'/conchtiehsYy •> : .-y7. . .  / i v /  v-j
;• / /yj: vY/sY-v-At,;400YC y-however,y.fhe a lloy ; in ;©ither-; th eO n ea led
'/•/;. . ’. ' yy--- '=i ’pr ‘ heat .treated .condition-will/give l©sfrythaB:,0, -total 
7: : . y  t. ‘ y y .  . . yplhstibysfeaihte^^ ‘at a streae/Zof 2 , 5  Tons/in but
i  3 5 ; t o n s / i n  % . . / a t ' t h e  . s a m e  ■ . t e m p e r a t u r e , ; '  t h e  t o t a l  p l a s t i c .
■7 ; ‘ V' - • - . s t r a i n - i n  3 0 p . h o u r e  c a n  v a h ’ y .  f r o m  O y  1 7 5 %  " f o r  q u e n c h e d ,
v ,  , - 7 7  j m a t  e r i a l , t o .• .0 < ..9 .8 1  % ; f o r  t h e '  a l l o y  a f t e r - a i r - c o o l i n g . ' W h e n
* / . ' y Y / . / Z y  Y . t h e : f e r n  p d r a t . u r © i s / r a i s e d  i d  . 5 0 0 ° C  i t , i a d s f r e n t i a l ' f e a t i t h e  
: y -  / '  h e a t / t r e a t e d  c o n d i t i o n  b e  u s e d . f o r . . . s t r e s s e s  . a s  l o w  a o 7
. . .  • ; --.p' . . . . . . .  ^  . . . . .
i ; 5 y t o h s / i n  : T h e  . m e c h a n i c a l ,  p r o p e r  t i e s ' -  o f , t h e  . a l l o y  a r e
. / , ; • /  ’ y : -; 7  * •'' s h o w n  i n -  F i g u r e  6 ;  f u l l e x 4 - d a t a ' h a v e [ b e e n [ p u b l i s h e d / ,  e l s e -
’ •■’•■/' ' 7 / -  -  y  7 5":4 i y 4 3 / '  7 * 7  ■ - / ' 'Y -  - 7 7 ” - / - 1. • 7 * 7 /  7 ' ' : - - ’. -7-  / .
; : ‘ ; •.; '■' y  -; y  ' *. f w h e r  e  • y  R e c e n t l y . * . h o w e  y e  r  d i f f i c u l t y  h a ' s ;  b e  e U  • .. •
Y / y ’' ' "'  ; ,  -'7; e x p e r i e n c e d . - - w i t h  l a r g e r  - f o r g i n g s ;  a f t e r / c o o l i n g ,t o  r o o m ;  . 7 7
• ’ - 7 /  y - Y .  .. . t e m p e r a t u r e ,  d u e / ' t o  b r i t t i e n e a e ^ a n d  t h i s  h a s  l e d ;  t o - t h e ,  -;'
/.:/• •  / . .  w i t h d r a w a l  o f  t h e  a l l o y  f r o m  s e r v i c e *  ' 7 /  7 /  ' 7 7  7 . ' y y .  ./•
- ' s ' '  :/%, X  A  . c o m p l e x  t i t a n i u m  a l l o y 7 ; s p e c i a l l y . * d e v e l o p e d / f o r - "
7  > * 7 2
j - ■ D UTC - .
a ; e r o _ r  e n g i n e ,  c o m p o n e n t ' s , / . h a s , ’- r e c e n t l y b e e n - p r o d h c e d v a s /  ;
■■... < ■• ** ". • v  •; ■" '• 4 4 '  - - ■ * “ ! • *- ’ ' 7  ■ k: - • ' . } ' . ■
. . a h ' a l t e r n a t i v e . : - * / . '  . T h i s  c o n t a i h o - 1 1% 4 m ' t o g e t h e r . . w i t h : - ; 5%
Zirconium 'and le s s e r  amounts of/aluminium - and' silicon, "*/ '7 . 7/7 
It.Is, designed':t'ofryvithstand;high stresses at tem peratures 
above 400®C:and-Has rem arkable/creep .resistance at"- fi ; * ;■ 7'
400° - 500° C Tlie room tbmp.fer attire 'Strength' is fr-•.e ; f i  * . 7  ... :
71 tons/ih? and at sbO -G this is: 52 tona/im ; at the/7 . fr-
,latter,.temperatur.e a-stress q £ ; 1 2 | \  tons/m^ is  requ ired •v. v7 
to produce 0.1% plastic ••strain., in 300 hours, whereas 7 '
..at 400fiG the stress requ ired is 36 tons/ iiv . The a lloy  •
is  produced m ainly as rod j bar and b illet suitable for • ; /r
/forging;*-:. . /+ - ,  fr-' * % - . / ’• • - f r ,  ■ -frfr' r - f r f i ;  . • ’ , : . f i  . . ' ;  f i  7 '  : f i 7  ’
fi.; 7 /  ' The a aUqyB,may, in genera l, be welded ‘ : fr. fi
sa tis factorily ; both the. 2. 5% tin - 5% aluminium, . and 
the 13% t i n a l u m i n i u m  alloys*:can be welded,in 
the: form  of thin a heet, althou gli the pos sifoility o f .
craclcmg/exists i f  g rea ter thicknosses-are used.- It has 7 , ;
; / 7'.'" :7/fr-7 fi7"45 . 77 - re.fi"- •’••;•/. *7 fry,'fr'fr' •’ -V
been suggested that th is,is: perhaps related to the gqodfi
c reep  ■characteristics o f both alloys / .Welding is probably
best carried  .out in a specia lly  constructed chamber , i n  an*
argon atm osphere, using the tungsten-arc process.fi - 5 • o r , 1 frfr •
;a lterna tive ly , the low tin  a lloy  can be welded successfu lly frfr 
. by both. the manual; and automatic inert .gas sh ielded, non- ; 
consumable e lectrode process*, frfr In an argon atm osphere, fi 
■ fu rnace;brazing- of-this a lloy  has been 'carried'.out' using 
nickels copper1 as a brazing ''foil . 7  ' /f r 'T-"  /• ■■ .-7. •'
2.5 • P roperties  of m ateria l fabricated by powder -
*ii«r « u i Kg K&KC2B, K n & X !M t^ c* » ^ ^ 4 r* xv***+w l Z t l r x g v,V,i^rf>^«+3yV
. • . m eta llurgy . . . -*-'
There are no published data on titanium-tin or
titanium-tin-alum inium alloys prepared by powder
m etallu rgy.so that it is  possib le to review, work only oh
the unalloyed titanium .
Many o f the ea r ly  investigations w ere carried  out -
using m ateria l prepared at the U. S. .Bureau o f M inesi 
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Dean et. al. : prepared titanium powder by magnesium 
reduction of titanium tetrach loride and determ ined its 
pressing and sintering characteristics . Only powder 
whose s ize  lay between -30 and ±200 mesh was used.
The density of the compacted powder increased rapid ly 
with pressure to a value of fJ 85% o f the 1 'theoretica l 
density" (i. e. the density o f the cast m ateria l) at 
50 tons/in , but further increase in pressure only 
s ligh tly affected this value. Sintering, at a pressure 
o f 10 mms of m ercu ry , was carried  out at tem peratures 
between 700° and 1080°C; it was essential, in this opera­
tion , to rem ove magnesium and hydrogen, as w e ll as to
bring about densifi cation. The resu lts obtained are  shown
' ■ * . ’ 4
in F igu re .9. . A  standardised procedure was la ter adopted;
this involved cold forging and vacuum annealing after
sintering to im prove the densityand mechanical p roperties.
The procedure and properties ' a re  given in Table.-27 
The ultimate poros ity  was .low and the strength was 
equal to that o f wrought m ateria l annealed at 1000 °C| 
but the elongation of the powder specimens was lo w e r .
A,number o f papers, dealing with the mechanical
properties o f coarse Bureau o f M ines powder, was
2  • :
published in 1949* Compacting at 30 tons/in >
follow ed .by sintering, at a p ressure o f less than
V 3  - •" : ' '7  : . -- - A  ’ ■ / ■ . . ’
10' m m . • - o f m ercu ry  at* 1200 0 C fo r 1 hour, appeared - /.
’* - 49 7 7
to be satis factory ' . A fte r  s in tering, the specimens
w ere  cold ro lled , with interm ittent vacuum appeals, o r :
sheath rolled'-at 800 °G. Some o f the products gave low .*•; -
fatigue strengths, high notch sensitiv ity  and poor cold
• 50-51 •, -A-' • ' -. V/ • 7  - ■
form  ab ility  * This was probably due to the presence
o f  poros ity  rather than to.any cause inherent in the method
'--7  - ■ / ' 5 2  . •’ - . '• . ■ - ’ V  •
o f preparation. :.- La ter work J showed that the fatigue
strength ''of sinter ed /materials o f th eoretica l density was.
s im ila r to that o f m elted and wrought titanium.
W orner " ,  in another investigation  oh magnesium-.
reduced m ateria l, fabricated  the powder by a procedure
based upon that used by Dean et. a l. He concluded,
how ever, that arc-m eltin g  was eas ier ' and m ore satis factory
and prepared m ost o f his specim ens by that method. He
did, however., : make the in teresting .observation-'that the A . 
specimens w ere  contaminated by s ilica  during sintering. .
. Sintering was ca rried  out in a,.silica tube at a p ressu re  o f
-4 fr . ‘ . .A. •
10 . mm . o f me.r cu ry , - the specim ens .being out o f contact'
with the tube; ; s ilica  was presum ably being transferred  in
the vapour phase, or was being reduced, by o il vapour
from  the diffusion pump, to-the m ore volatile , s ilicon
monoxide. . . (
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Bickerdike;and-Sutcliffe . prepared titanium powder
on a sm all sca le, again by m agnesium -reduction o f T iC l . .
. ' * • » |
The powder contained 0. 19% oxygen .and no detectable
nitrogen and only.that between 36 and 240 mesh in s ize
a  \ ■ ’ - fr ■ ' ■ A ; 7
was used. 'P re s s in g ' was carried  ,out at 50 tono/iu" - and
the specimens w ere  then sintered in vacuum, at 1200°C.
for 16 hours; the density w a s 4. 3 gm /cc. . A  em ail.
reduction was brought-about by cold hammering following. ;
which the compacts were, heated to 1200°C to allow further
denoifi cation and to rem ove any traces o f magnesium; cold
hamm ering increased  the density to 4. 49 gm/cc. During
th is 'p rocess two in term ediate anneals w e re  given  at 800 °C ,
and after the working operation a final anneal w a s’ carried  .
-out at 800°C8 fo r  2 hours. There was some evidence o f
im purities cit grain  boundaries. Mechanical tests gave the
resu lts ; ultimate tensile  s tress  41. 1 tons/in # elongation
3.3. 2% ; hardness ..22? V . P . N..
• « :• y y ; ' <;•'./55 .56 - ;Y *•: y- .. . • v. •
Hqbms et. al.; . ■*; ; have,.' m ore .recently* published 
resu lts fo r  titanium-and fo r  a lloys containing molybdenum'.* 
and chromium,. . They u sed ,. for part o f the investigation , 
m agnesium -reduced powder 91%. o f which w as.la rger than 
72 mesh;, the powder, contained. 0. 6% n itrogen and gave,'
• on m elting, a hardness o f 200-220 V. P . N.r The powder 
w as.pressed at 40 tons/m and sin tered ,-a t a pressure o f 
10 mm o f m ercu ry , at 1200°C fo r 4 hours; sintering " ; 
increased the density from  3. 52 gm/cc to 4. 07 gm/cc.
The compacts w ere then consolidated between plates at 
60 tons/in in two d irections at righ t angles, re  sintered 
to a density o f 4. 23 gm/cc and then consolidated and 
sintered at 1200pO fo r  4 hours to a density o f.4, 33 *- 
4 .36 gm /cc. This is  equivalent to a porosity  o f 3. 6% .
P a rticu la r ly  in terestin g ,'h ow ever, was simultaneous 
•work carried  out on titanium hydride powder. This.was 
prepared by reaction o f titanium with hydrogen which had been 
bubbled through m olten magnesium. . The hydride contained 
0. 02% nitrogen, and'only-the fraction  between 150 and 300 
mesh was.used; again the powder was compacted at 
40 tons /in . Hydrogen could be rem oved before, sintering 
but the p referab le  practice was adopted o f liberating the
hydrogen during sin tering," s o .that the latter occurred 
at a m uch fas ter ra te ... In . genera l, hydride powder •., . 
p resses  less w e ll but sinterri better than titanium powder, 
Satisfactory density resu lts w ere  obtained after only one 
sintering O p e ra tio n 'poros ities  as low afro I  , 6% being ■ 
obtained;: som e o f the resu lts are  shown hr Table 3, The 
amount o f subsequent ..Working requ ired  was considerably 
reduced; it w as , in fact, found that the strength o f 
sintered m ateria l was. s im ila r to that.of m elted sponge-, 
although the elongation values fo r  the fo rm er w ere .
• s ligh tlyTow er, ' 7-
To. elim inate the need fo r  vacuum sintering the
technique o f sheath ro llin g  has been investigated, and
" / - ’ 57 ■ ' - • ' ,
cl’eocribecfyby..Long. >/ Loose titanium powder dr. com-..
pacts w ere  sealed-into- steel/containero and ro lled  at
tem peratures between 800°G and 1000°C although 900°C
was usually used. .The sheath protected the titanium from
in ters titia l contamination and also confined it during ro lling
A  thin layer o f a b rittle  iron-titanium  .compound form ed and
made stripping easy; contamination o f the surface, which
was s ligh t, ‘ could. be r eraoved by pi ck ling. The ro lling
: tem perature had to. be con tro lled , since.an in crease  could
lead to surface roughness; due to oxidation o f the-steel or
ar even to, m elting o f the iron-titanium  alloy. It was 
im portant to evacuate the tube before starting o r , 
a lternative ly , to pack it tigh tly with titanium; hydrogen 
was pumped off. The product w as fine grained and 
denser than norm al's in tered  m ateria l; dense homo-
geneous alloys could also '-easily b'e produced.;'; . ■ \
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Hot pressing techniques havea ls©  been successful
These w ere ca rried  out in-vacuum using graphite dies;
contamination from  the latter was confined to a layer
0.005 in. deep,/ Parte  weighing as'much-as-. 125. lbs. and
■as la rge  as 9 in. d iam eter have been produced by this
method. P ress  form ing m ay be particu larly  useful.
B lanks, or sem i-fin ished shapes, are pressed and.,,.
sintered in vacuum (thus rem oving vola tile  constituents)
and are then,form ed norm ally ; . the n ecessary working,
how ever; is grea tly  reduced. The wastage o f m ateria l is
sm all and the poros ity  is low . The mechanical properties
have been studied, particu lar attention being given to the
fatigue and impact strengths, in v iew  o f the "early results ,
with powder specim ens; the properties o f b ille t stock w ere
claim ed to be the equal o f those o f m elted and wrought
m ateria l fo r forg ing, drawing, or extrusion. \ •
The continuous compaction of.powder m etals has 
aroused considerable in terest and Evans and Smith 
have recen tly  carried  out p re lim in a ry  experim ents on the., 
com paction o f titanium. R e la tiv e ly  pure Japan© se sponge .
was em brittled  by hydrogen and then ground, the hydrogen
* . *. \ ' * . ‘
being la ter rem oved by desorption. .80% o f the powder, 
which was irregu la r  in shape, , lay between -100 and ±300 
mesh. : The powder was ro lled , at a speed o f 4 xt. /min.^ 
into strip  and this strip was sin tered , in purified argon, 
at 1400°C fo r  tim es up to 23 hours. The strip was 
supported''in a .graphite or molybdenum boat, powdered 
calcium oxide being used to prevent sticking of the strip .
The resu lts are  shown in Table 4 but they are hard ly 
encouraging. Strip sintered for 23 hours was quenched 
but it w as  too b rittle  to allow  the preparation, o f tensile • 
test specim ens, as was that sintered fo r  5*| hours.. The 
porosity, o f the green  strip was high; being equivalent to that 
obtained a fter static pressing at 20-30 tone/in .• The , 
extrem e hardness and va riab ility  of.the tensile results 
suggest that m assive contamination.had taken p lace; this 
would, o f course, a ffect t h e ' r e s u l t s # I t  was suggested 
that a. purer sintering atm osphere was requ ired so that it \. 
may be unfair to condemn the process o f continuous com ­
paction, on these resu lts. ... ■ ■ - .
.3.- TH E .TH E O R Y O F SINTERING
KiiflMaSt—•-«-*■•”  f - ' f t - - - I —■ -v^-------------  .,   ■ ^    r  -^ '■ ■•■— ^-- - . „ s«
It io-, perhaps, not out o f place to consider, b r ie fly  '■’ 
the theoreti cal as pe c t & o f s into r in g . Any o u ch ac count 
. must be, at best,--tentative since the processes involved 
are  not yet fu lly  understood.
3.1 D efin ition of  sintering .'
It is  w e ll to start by defining the term  "s in te r in g " -
but in a symposium as recen tly  as 1959 the authors o f three 
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: rev iew  papers * »■ gave definitions which could hard ly
be classed as synonymous.- '
The fre e  surface o f a solid contains atoms which are  
hot in equilibrium ; the concentration o f la ttice d e fec ts 'is  
high, surface tension exists and vapour pressure can exert 
an influence. A  quantitative m easure of these factors io 
found.in the surface fre e  energy which,fr fo r unit maos o f a 
m eta l, io proportional to the surface-area. Sintering may 
then be regarded (simply as a thermodynamic process in 
which the surface, energy is  reduced so that a m ore  stable, • 
state is produced. On this basis,- Bernard*6. d e fin it io n ^  
o f sintering seem 0 m ost apt: "A n  operation by which a - 
m etal in a d ispersed phase and having a high specific
surface can becom e, without m elting, a solid body 
having a minimum specific  surface. . . .  "  • *
-3.2'  . Compaction ;•* . ; . \
The e ffec t of p r io r  p rocesses , such as compaction, , 
upon the subsequent, course of. sintering has often been 
examined and it  .seem sthat, while these may m odify the 
rate or e ffica cy , they w ill not a lter the nature.of the 
s mt er ing pro ce os . -  F r  ess ure.. die r  upt s o u r fa c e f  11 m s on 
the m ateria l, and increases the number, of. contacts between 
partic les . It is  n ecessary  to. rem ove oxide film s before, 
intim ate contact between p a rtic le s .o r  surfaces can be 
ach ieved . A t the points o f contact re la t iv e ly  strong 
a ttractive  fo rces  allow  bonding to take place; these are 
not van der W aal’ s, fo rces  which, in 'm eta ls , are 
n eg lig ib le  in com parison with those which a rise  from  
e le c tr ic a l in teraction  . . A  m ateria l which deform s 
eas ily  may be expected to press w e ll since p ressure w ill 
tend to enlarge the points into areas o f contact. Re- 
crysta llisation  across the in terface ip not .necessary .for 
good bonding, and.it is doubtful whether any appreciable 
d iffusion occurs during compaction. y  - : *
W hile the ab ility  o f a powder to sinter does not depend 
upon p rio r p ressing this does, o f course,.tend to increase
the rate o f sintering. .Although most .metals.sinter 
appreciably at a tem perature o f approxim ately two-thirds
- o f their absolute m elting point, non-cubic m eta ls, in
6 1  • - 
genera l, do not sinter w e ll and a few metals o f low
m elting point have been-claimed not to sinter at a ll.
Oxide filnns in terfere  in the process by preventing
intim ate contact o f the partic les  but the extent o f this 
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in terference is doubtful;. Geach * > in  a review  of the 
subject, claim ed that available data indicated that this 
was at most only partial. H ow ever, recent work suggests 
that the presence o f oxide film s on .tin particles may inhibit 
sintering of that m eta l com pletely. Tin has gen era lly  been 
believed not to sinter; at room tem perature and ab ove ,. it 
has a body-centred tetragonal structure and oxide film s are
difficu lt to rem ove, being irredu cib le  by norm al sintering
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atpnospheres below its  m elting point. Smart and Ellwood
managed to .obtain coherence o f tin particles by heating oxide-
free  m ateria l at a tem perature below the m elting point of tin;
it was also found that, provided the oxide film s on norm al
tin powder w ere  broken up by extrusion (rather than by static
p ress in g ), good bonding was effected . These results suggest
that oxide film s alone inhibit sintering of tin.
(i) adhesion .
( i i )  • densification, with p rogress ive  closing o f pores
( i i i )  elim ination o f the last pores. - ;
The second and third stages (which are often grouped together
.as elim ination o f poros ity ) involve the transport o f m atter and 
d ifferences o f opinion have usually centred on the processes
that bring about this transport.
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Sauerwald has described adhesion as a process that
involves interlocking o f the fre e  bonds on opposing surfaces
and !ms shown, from  expexdments on copper, that the strength
a fter the adhesion stage was s im ila r (fo r  this m etal) to that
o f norm ally sintered m ateria l. Sintering may occur most
eas ily  i f  the lattice of. ©ne pax-fcicle acts as a d irect extension
o f that o f a n o th e r^ '^ u.
While the decrease in surface energy is  gen era lly
regarded as the driving fo rce  in sintering, the mechanism
o f the process is  less certain .. E a rly  theories which explained
sintering wholly, or, substantially, in term s o f reerysta llisa tion
arising from  enex-gy introduced by cold work, o f grain growth .
caused by enhanced atom ic m obility at high ex’ tem peratures
or o f changes in la ttice structure have a ll been shown to be
untenable.
Sintering consists essentially of three stages, via.
The .course.;of Sintering h aso ften  been followed by 
obeerving the change, with tim e and temperafcure, o f one 
o f a n urn her of pr ope r ti e a g uch a; a density,.-elec fc r i c a l 
resistance -or .tensile .strength. The values o f these p ro- '• 
■perties, how ever, are m ost affected  at d ifferent stages of 
sintering; the e le c tr ic a l res is tance, fo r exam ple, 
decreases as soon, as biddges between partic les begin to be 
form ed  whereas.the density changes appreciably only when 
the pores are being elim inated. ; It is  thus d ifficu lt to A 
se lect fo r study a property which w ill re fle c t accurately the 
various stages o f .sintering and, in general,, recou rse has 
been had to one o f two solutions;, the investigation  of 
s im plified  m odels, or the m athem atical analysis o f the 
behaviour- o f  idealised, partic le  assem blies; ■* C ritic ism  of 
these methods has arisen  because the ir sim ple o r idea lised  ' 
nature makes it doubtful whether the results can be d irec tly  
Applied to the com plex conditions in norm al sintering. 
Although the objections a re  ju stified , there rem ains the 
basic d ifficu lty  of devising an experim ent that w ill elucidate 
the mechanism during the p ro g re s s ,of a practica l,s in tering 
operation, H owever , the recen t development o f the sensitive 
m icroca lo r im eter makes it  possible to measure accurately 
changes in surface energy; and methods have also been
portion al .to the surface energy-,' o f a m ateria l. Both/these
methods'may*, th ere fo re , px'ove df value m  frfcudies-of.
s in tering6®,;. 7  -'. . Y , ; - .  f  :;/■.}'■
It is -generally believed that four .possible mechatiisin s
may be involved in..sintering* These are: . - -
( i )  ' viscous o r p lastic flow . -• ..._.. / • • _ r-
.[• (2) :■ .volume'-(and .grain boundary) diffusion. 7-/ ;
: . (3) surface diffusion. , •  .'-\y-Y - ,Y .
devised to m e a s u r e  the specific surface, 'which is pro-" .
None o f these ',[how ever, seem s able, to explain a ll the experi 
mental data, sp.feat d ifferent processes may be operating.,7 
d urihg d ifferent stages o f s in tering;; ’ / Neither o f the -latter- 
two mechanisms, fo r instance, can cause any nett transport 
o f m atter so.that, while they m ay a ffect the. ea rly  stages of .. 
s in tering ,'they, can certa in ly  not; be the principal cause o f " ,  
densifi cation (stage ( i i )  ); they are* in fact, .regarded as', 
processes superimposed upon the main sintering m echanism , 
Phenomen © logically, sintering ,can' be considered as a 
sim ple rate process obeying an Arheunius-type equation.
The logarithm  o f fee tim e fo r  any property to reach a y ' 
particu lar value should then b e lin e a r ly  related to the . .yy 
rec ip roca l o f the absolute'.temperature;*/ This im plies that • 
there is  a definite' activation' energy - and - that s in teringtakes
place by a series  o f activated j urn ps .'■ This linear «’• ’ ' ■
'relationship is  frequently,; but -hot a lw ays;bbtam ed;? '
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Duwea~.. found that graphs-for copper sintered in -vacuum
did hot g ive a. strealght, line - so .that, more: than one Y ,, /
CT'"'-' The poss ib ility  o f viscousJqx/plastic flow was fu lly  a  
investigated some years ago, p rincipa lly  by.the analysis 
o f mathematical models,, the resultant equations being 
tested upon expe.rirneixtai results a , A ; solid which behaves 
a N e w t o n i a n  viscous liquid has a strain rate proportional, 
to the 's ir ess .so that a* a---;. ‘YY "  . ’ ** ' Y- ■" “ Y
8  ' C T * V $ * Y ft ft ft 9 9 ‘ ft'
’ [ whore S Y-~ shearing stress Y . •; - : . -a  --a ■ a '
. ■ Y . •:: CTf, ~ Y'.coefficient-of ■viscosity ' ' ;  yY- • Y Y' ( •
, Y f 3: = - ra te ‘.of. shear-.In. strains. '•
where plastic flow occurs, an in itia l c r it ic a l shear:stress:
exists and, id ea lly , flow  is for a Binghain -type body, v is ,
' Y -S S'  ' Y — • . ' ♦ . . . . . .  ( 3 .  2 ) .  ' ' •; •
V A  A; ' *■" A -
where S '*•» c r it ica l shear, stress'. Y A .• - ' ; -
Y .- -Frenkel7® ^ 'considered viscous ••.flow to' he* due to 
diffusion o f vacant latti.ce:: (s ites, surface tension being-, the a 
d liv in g  fo rce , He compared the sintering, o f two spheres .. 
with the m erging o f two'drops of.liquid;, the" area -of. contact 
was (proportional to tim e and an expression for. tlie activation
' ' - VJ :
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fr fr- energy qduld.frb q  obtained..:; . f rThis va lue, A  which F ren k e l: y  ■ /,  •: - / f r f r '  \ 7 . f r \ ' / / A ; 7  
- identified with the ;.actiyatiqdfrqhdrgyfro|frselftfdiff.usipa*v,.‘fr••'; ■ *v '*
*• :• . ■ '■■■: ; rVv A fi- --A.fi 7 i;.: : fr'-. ■ .* - •
w.a s derived  by other.; worlt'ersfi;- and, found. to be higher :- ■
• • :fr than, the .values' obtained by d ir e c t ! hi ©as ur feme ht* fr.'. fr.fr * A 77. • fr
; 'fr y  f r y  ;Nabarro^y objected; to; F ren k e l'a  treatm ent since the .*• ■. . A / ; - /  A ’ a  a /fry 
• :*•:mbvem eht/of-a;vacant .lattice site would affect .only -the ;r;ow f r * /  fr 7  /frfr; 7 - A f r f r ,
\ Afr/of,atoms Tnfrwhich it  occurred/and.not the rowsfrabove' orfry ;fr-. Ay-,7/ . f r f r A 7 ■
: f r ; / below itfr; so that no.: la rge  scale /movement of .the c ry s ta l f r y - A / ; -  f r f r - " / ’ -‘fr- -fr.' A / A /  
• frfrw'ouId -/result. A He'-believed that a crysta l would flow  .fr. fr; fr'-fi • .--'-/'fr. ' 7 ;,.7"\
v iscously  fronlyfrif -mosaic; boundaries (.Were present to act >/•-. 
X as .s6ut'*ces/and/sinlm-for vacanciesl-''the e ffe c t ’ o f grain -
fr, r--boundaries in  this-process; has''b'eeia,'considered .by H erring .: 
’/in a la ter m odification of; the theory. fr'-fi frfr ■ fr “  A  7. fr//' A/, -
73fr--v.fi:'..
7-.fr.Afr-, fr-Tliefrmechanxsm o f viscousfr-fiow has. also been investir. ' *' - f r . f r "  . f i  •. frlfrfrA
•A** ':./ fr- fi - fr AA;.-:- • 7- -'•'/’.•'• 74  fr v */ 7 A  frfr frfr. '-frfr/fr-, yA7.fi ,77 ;fr fr frfrAfr/fi.A
A; .; gated by C lark and White - - who considered ;a- layer o f , . • frfr..- ■■ 7/7
' m ateria l form ing. a/leUs between two"spherical particles;; 7 A y  7 7  / fr.fr’; frfr-.frfr';
- this m'odeT.-eanfrap'piy'-rig'orqusly.-onlyA't the;start d f fr/AA'frfi* - . fi/frfrvfr :fr-fr;2V
fr: frfrfrsmterihg when -the frleh.se b ; bare. d istinct add the-porosity / ,A.. frfi ' /•//, fr. ' f i  y.f/v
fr7I^,high. fr /Thefreqhatiph.which:they derived  was-Testedfragains t’: fr .'-'•/ yfi/AA
rfr’fr:/ expeinnveutal;-.result's fo r  gTass,fr e; and y almnina and beryU ia. • /<•: frAfifrfryyfr'’
: -fi.Glass-' was found; to' fit the; equation -.for- viscous flow , but the /frfr'- : frfr A •yfr., ,a a  
f r ; r e f r a c to r y ’-oxid'eo';,gave" a p lastic type; o f flow.,/with a c r it ica l /-fr, ; ;• fr A. ’ ? fr fifi'A
shear stress
77Y.7:7.:yyr^.;-;y
■ r ,  . % 7 5 Y  ** ’ ’
y y;\y\ Y'\‘Mack©iisie. 4fif37Shufelewpfeli;7 /examined’ the/Yv'.' y ' A. - ‘ y y - .Y/[/\/yr;
;>.v\ p oss ib ility  0 f yi'scb.us/pxy-plastic [flow ;of fr ffiapS.'.’cqnyy.: Y / / -7 ’//■7' 7 /;>//
7 .=- t&inihg. uniform ly-’distvib.uted;pores# 7 this.'/would[be/7[y/ :7 /y Y,: .7- y/A/ 
YY • •//;'. • ©s s.ehti a lly  Apptic able;/pniy ;• a$;,low [ppfe'sitfes •.;.. 7 They -1, / • Y 7/7/ -7- -7 7; .%/// 
*7 "Y. believed: that/a?xy proqessYeueh[a avy©lurne diffueiph,#; .7/ /./' >. 7/* -//i*1' • /;y/v" 
Yy. -•• / which reiied- o a ia d fe id b a lfe ipy0mAht.;p£.;Afemb.;7;w6uld 7' ’7 / A : [[ -..yl'
• /;..; 7 >be-top•slow .to account for/observed/diffusion rates */ Y H i  . 7/ 7  yy 7-y'
\ . > y  since- vacancies /could; be-dHmmated,pnly b y  diffusing,to. 7 . \ [-;
‘.the:/outer .boundary[of-the. partic le fe  the;W &chanisxx] • o f f  ■ ' Ay.  - 
7 • sintering' would*.; tdieiefox,/e ,' involve the /moverrient o f .-./ - * /•” ' , 
' ,;7.,aps:em.b1ies;of atoms.* y; Their©qpation*.'based oh ;a ‘ ; // ; ' .Yy 
',/ ■■ y mechanioni -.,of p lastic -flow .h bw eveF ,[■ was/unaj>ie='to -accouht/
/ 7 .sa tis facto rily  f o r :expe'vimpht&l-results,*; [ In[ahy. ca se ,/ the, ■ ,7/. ./y y y-7Y/y/ 
• / [  / / , -recent realisation  that-grbTn boundaries;Aan;<ict;as'vacancy . y y .  - 7  y  [ / y y
.7 sites./invafedates their'argum ents.,. since/vacanci'esi.need 
• only-, diffuse oyer di s tan ce s >■ o f ' bring fepufr densifi- 7  y y
' 7y ‘■’■featiph*/ The- equation’-which ,Mackenaie-; ,aiid; Shut tie worth
. derived  fo r  .viscous ■•-flpw, ..however V has. been-shown by - /• /
Y7Y;. /.• ■.:# •- Y 77 -7'. ■ . *' 76 - 7 -7 V }> y  : ■!-' Y  ,
. /-"v. Cannon and V/hfte , .-to, a.c count .satisfactorily ' fo r  the - / YY; '
■ Y ■ behaviour" of/glass [during .sintermg-./y. y ■./ ;'y  'Y , . - / /4'.-/'. /
•;[ >, ■ / Much o f -fee;7pecent:./work- on/sintering has [ been-, car ried 
[but qnm odeis consisting o f spheres*/.plates, w ire s  o r '/;.■/'[ 
7 [bobbins;. .[.These;so-ca lled  */!rod -an d -w ife f'-7experirnent s' are--
* . ' • • •  1 * •* • " .  . * y ... q ' * ' • 7 7 * 0 3 * '  ;
oft eft' a s b b ci a te d w i'tfe. th e ham e o f  K u c yft p fci .. f " a I tho ugh
8 2 -•Geach and .Tones / w e r e  a lso p ioneers .of ‘this-' approach, • .:/.•< 
The rate: of' growth o f  the contact between, e. g. a ..sphere 
and a, plate was considered and• theJ power of the contact • 
.radius which.was proportional to the; sintering tim e fo r  . 
each o f the four p oss ib le  sintering mechanisms, was •’ Y . 
/found; y the resu lts could,then, he compared against thee. • 
experim entally  .derived relationship, /
In visc'oua flow , the s quare of the contact radius.is 
•proportional-to the tim e o f sintering;.- a s im ila r re la t io n - 
•ship obviously holds “for p lastic flow .. Y
A  mechanism .bats'ed upon'evaporation and' condensa­
tion depends upon the fact that the.vapour pressure over a 
.curved attrface d iffero  .from  that over .a- flsitfsurface*.
K inetic  considerations lead to an equation o f the type
-.3/?'- H;* i' V Y ’’ h  •i  ■ "  ■ f  C t *  .»  l». J  j  ■ ■ .
■ where. r a radius o f contact area.
t ~ time.. ; . *
k f «cl I s  • a function o f ‘tem perature - 
• , PY m+rtis a-constant, y  : Y;'- ••
' , , * CT ‘ * ‘ * y * *
./ Volume diffusion is believed  to occur by the movement 
o f vacant lattice s ites. . Near the “ neck11 o f the partic le  the 
eoneentration o f vacancies exceeds, the. equilibrium value so
A  a A ,  A :  - M -
S:
that vp/cancies w ill;  tend to  d iff us© fr o m , and atoms from  the
* /"A. ' . ' * • ■ * , ■  , • •- ■ r  ■ j \ \ A  ' . ’ •*' , .
. 7  - / Y . A  • ; -Y *'  / / A  / '  O A  .'A  .“A  • " Y - A  . :.;/.
in terio r of the crysta l to , the surface *. - Vacancy flow  /will
p ers is t fro m  regions of. high curvature to. .regions o f lo w  .. * ’ a . ’ ;.Y V'
- A  - • / , '  . 'A  v  A  r 1 . A -  -  . . : ■_.; , v  .‘ A y -  '■-;/' / '■* ' . .  • • ■’ - ■
/curvature ,f/• so 'that spheroidlsatio.n o f voids w ill take - place and . ./ Y ’
Sm all pores w ill bo elim inated at the, expends o f la rge r  ones. 7 / 7 a 7  
3 the vacancy gradient from  the in terio r to the ■ .'
surface, > This mechanism gives rise  to. the equation **■
:.'"a A:'/- 40 !y a?. . R6j> A  ; i » * f. . .  (3 .4 )
t A - A  \ . ■ " A :. . vkT  A  A v  ' ■ . . .A "
where//' .CT ' • V y  surface/energy •• v
•a : ' in teratom ic distance!• -
; /A'"' ’ 7.hf' /• / : • ’ 4 •'./ -A;'.* Bolt'amanh constant
Y 5  . 7 " . .  ■ C T / C T  ' /  f  A' 7 y .  /  a b s o l u t e - t e m p e r a t u r e_    _ • A - . -
B'a - 7 '” 7-. 7 -: ‘ " gas'Content ’ 'V y . -;- Y . ' ' AY ; ' 
Dv : ■ 7~Ya Y- / Y coeffic ien t o f volume diffusion .
The equilibrium  concentration o f vacant lattice site s 
,/and adsorbed atoms w ill depend upon- the curvature o f the A.
surface, and- this (w ill lead to/a flow  of vacancies, ; dausing 
(.. su rfaced iffu sion . The equiHbrium value can be maintained 
; ‘ in the surface by condensation/frdiTa the 'vapour.or from  growth 
: d islocations in the ‘'crystal--; surface <. Unfprtunately , there is  •/•/•
d isagreem ent about the /quantitative expression o f this .process.
Kucynski.found that t was. proportional- to' r- while/Cabrera 83
obtained the relationship t d rCT/ S ch m ed^  found-t/a-CT fo r
particles with sm all d iam eter but t a r^ fo r  la rger  partic les Y
 ^i
'■ A  A  A A A : /
58-,+
/ ..., , ; fr/ fr-.fiir.mayi th e re fo re , be/mtpossible to; dietinguioh volume 'and3 . - -a ; / frA.y
Afr; fr.. - ;frfrsuxrface .diffusion from-frthis • r e la t io n s h ip fr y / •- .'.frfr:-'A"A, ; AyAfr-' '''rfri7fr’A :
- f r f r  A y .  . f r y  fi.';;.Kucyuski?S';coiaclusioi[iS'frcan:'be.-summarised: frfr'-. . y  / ;fr -frfr ,  A  frfr f r f r ;
.fr frA:/1 ' A/.., /Afr.AA 2>A , - V J "-"/fr
viscous oxfiplastic flovA'-,‘ "'"fr ■ /y't d..r: :A,- fr. - .v
* 4.  .AA 3 fr: ' .- ■’ / t a v . ,y.
volume d iffusion:’ ’ ;. - fr:’;fr’fr t ;a r ; : fr' fr frfr;c ;
'.surface diffusion - A v-A frfr*---1 • frt..d: r ' A  fry fr '.-:
fr fr:. : - A f r  .fr 'The derived  activation energies mfrayfrpxvovide. a further ;mdica~ ‘ frfr-fr;frA
‘•'fr ' .tioir o f the mechanism o f  sihteringy .since • the. -values for. - fry  :fr;frfr
f r  f r - t f r f r ;  fr;-: ', • -. :volamefrdiffusion:are'-known,.to.-,be' roughly double that requ ired .. frfr f r f r A ' f r  ; y
'fr. : A: A for ajavf&.ce;d iffusion  (see re feren ce  6Q)fr s im ila r 'energies -arefrfr- -fr.Afrfrvfr
.yfr-' /fr , s fr; frA how ever, ne®.4o.d .-for; volufn e diffusion .and; !piastic;T16y/ fr A. . . frfr-- fr.-Afr.' fr.fr fr 
.fr A-fr .fry AA -A / .frfr 'Many experim ents have been carried  out oh models' and ■ fr. - ; ./frfr frfr 
: v ; / f r ;  f r / ’ .-frfr.fr-'th©;'results f roverw helm ingly favour a m echanism  of volume f r f r  f r ’ ' -. -frfr : . ' fr'.frfr
,.frfrfr-A; AfrfrV; - ■diffusion.';'-fr’'- However-, Bernar'd^frhas .'pointed - put- that the frfr . frfrtfrAfrfr. 
'fr-frA y . fry frv'resuits^w.ibro.'all-.obtained from  What 'wer.ey freeseufially, ■ - . 'fr- ; ..frfr.fr'
•A .'.'-.fr/fr ’f r f r  a f r ' f r f r  repetitions'.of the,-single . rodrandfrydre.,type' experim ent; •* -A fr-, -'frfrfr:' /A
fr/,, 'fr;'fr--fr A : resu lts from: frdther "methods' (as e. g shrinkage and e lec tr ica l f r . f r  "fr f r fr i fr fr  
frfr.. frfr; resistance In  easurements).- iqs s.,markedly indicate volume fr frfr" vfr; ■Jfr/fr.A'frfrfrfr 
fr- •>; /.fr /.fr-.frfr diffusion-. A The m a jo r ity  o f .the-.rod--*and-:-wirevexperimento :-- frfr y  - -../A. Afr-fr 
fr fr ; - : fr::.": A'A '--,,'.wer:e .'-carried', out' on copper;; m eta ib  .such, a S'.-yfr iro n * . n ickel fr'-. fr y ; A. f r fr v
••/-■fr/fr'-fry-'' and-cobalt:give activation' ehex’gies h igh er”than those.obtained.,A fr- fr-fi-AAA.
- frfr- ' A'frfr A,.' A-'A .A/--, .-fr fry- ,-A fr ; A .' A =. ‘AA,  ■ fr- -.-..A *-■ fr / A* - - -' - 62.'- 'fr - • • '  • fr Afr'fr-'-fi*' ' ‘fr A'frfrfr 
fr;' fr; . f r f r  frfr ;fr-:': fr--"by d ire  ctfrm’eaeurbmehts-;of volume diffusion - "V'frfrThis may frfr' •*;; ,fr;"frfr ■ frfr'frA
A v . f r f r .  fr' • A-fr..-reflect, the nature o f  the transition tnetal structure-rather than ‘. y f r  :frfr-frfr. A
2 i . ♦ s* .
r ’ ‘j ‘ A v
’,V '-a difference’.in sintering m e d i a m . s m .  .'/> 7'/;', ,7::'-.
; -7 y  On balance* .it _seem.fr, however,-[that volume.'diffusion 
. •' is dorpihant. iii.experimeiits' with m o d e l s T :‘',7'Viscous br. [ .
.. Y..y ,7 [/.Y/piastic-fJlow appears -to play little part.in  fee process',, /and .. 7;',
7 • '■ 7.V-Y;-- r- 7 7 -77. .7/ .-vv/-' •//. b7V-.77: "-7; 'V" .[ > : Q5
- V- . the/results- o f recent-Twork o f  Fedorchenkorind-.Andrievsky. '
y  v: 7 • [7- 7;-'h^ve fuxfedr' frhownfeat'-plastic/de'foriination is;;viriuallyy.7 A 7 \[
7. ,7 ■ absent' uIlder^condi'tions■ o f -free’-sintfrrmg# . I f  p lastic flow ' 7 7 7.7Y ; fvA A
7. 7 [ w ere  'operative#  the-:absence'’o f g ra in ;boundaries 'wbuldfee' . ' ; '.7 b A A  777[y/
.;•/ 7  • expected/tO-.facilitate the; ib fe o y a lO f ppreo; [this,, hob eve r , 7 ‘ ' .-■_[[ \ y A S A A
-[.7,7;,;'. 7 :y 7/ dpe s "not - accord [with/expelTnri ehtai- evideilce;. which *• shows 7 " ‘ '7; [y / [ 7 ;  
, , .. .th a b a p o re , TsolatecV froiri- a' boundary*:/tends -not- t d - b © 7  - # ; 7 *  / / A  y / J ;
:;.7 ;" 7 e l i m i n a t e d . ; ,_.[. ^ Conditions in a- model; m a y  approxirnate7-tb: -7 '[/, A  7'7' Y S S
v, 7/7 •. ■"-V /-those du ring [stages |i)'and. (ii).bf n o r m a l  sintering-'but. they y y " ,7 b/ ' •; / 7- 
7/ '..7 : . can give n o  informatiokbbout/the latter-stage, 'during .Which;. 7.7’-.'.-. ’.--->7 /.; :;y> 
7 . 7 7  [ • 3 7  7 .. isolated' r o u n d e d : p o r  ea- are .eliminated . 7  ' In- this p rocess b  t y - S  /-•  y y y y  ‘ S A .
"-7 y >  y  7 7 grain b o u n d a r y  [diffusion, s e e m s  • t o .be; imp o r t a n t . 7, A  ....• 7 7 / 7-; y  ’. y. S b ' y f
. 7- . ■ '/.l- ;:-7\/. 7.J. ‘-.,7 Y  7 7 / r'.'[■' ’7 [ -7'JQfo/ '.7 Y7YA---v ••■</;. 7 7 ':-.. ‘ A  ‘7 . 77 777.'A ; '7y \
y*'-.v;Y A S - '  A'/ 7 [. Aleifeixdeiyaiid.-Baluffi; . fouhd [that/grain boundaries'/ y  ’ . / A  7 7b/.;
//'■ 7 yyS  -[ ..acted.as sources and,-[sinks for/vacancies,-[and th ib concept-- - 7-7-y’ ’+ A A ;Y '7/ 
/ / y Y: . has/dominated sintering theory in xfe cen t-years;'' . The work ;7.7.7 77 ; A A Y .Y ;
' •• *•• y  -• r.;y.o.f'Clapeosi.[and .Rpbiiis^/f .on^the.-.elihiihatipn b f  synthetic [pores'.7. _• [7. [ 7  Vr.y 
> [['.;_:•[• '7 ■[ [:; 7■/_ in--copper■ has/ shown that-^grain■.boundaries.'.alo.ne[;ax’e im portant'. [ "-.y; 7,:V; .7 A S  
77  -",r:±: -7 sources [and sinks #:7/ne_ither;- tvyih7 bdiundar’ibs .iior;dis location a--/ 75’.f 7.n..yb:7(7y 
7 v  7  •.•■/._ • / . / [havb any- appreciab le e ffeb t *[•/': That/grain/boundaries,[are 7  7 '  7 - 7 7 ;  •
'"’.I
' v . !
im par t ankdI uring la te/ stage@ .of-sintering is 'a g reed j,(their
j ? , / '  Y ■V --... 7 y ' : / ' Y • a M ,  ■ - a ' /  ..g o  ./■  ;* ■ :+
contribution -to/t h e . e a r l y  s t a g e s ' re .in ( d © t i b t  *, ,;/?■/ /(/ . . . - C T  /
' P.qres j which become iso la ted ;from, grain1 boundaries
a r e :difficu lt .to remoyeV; - ’ /Thpise! Connecting..with.(or n ear‘ to
v  ;• ,.t : Y  .. . •• V ;A - v . ' Y / /  \ Y -  ( "  A  A Y  , g Q : /  ' Y V / ’
boundaries are eas ily  rem oved * \*. K u c y a s l c L  and Hhines,.
- v V  •' ; / ■ / :  ' v 7 7 ' "  "  * 8 .9  a : :’y .v /  a . / . - • ■ / : / . ’ . - . /  7  . . \ A y
Bireheriall and Hughes have -pointed, out that,, under, the; "
influence;, o f .-surface diffusion  ^ vacancies rapidly', flow, nlong- 
grajtn- boundaries to.'the" surface./ ...in.-order. to re -es tab lish  
equ ilibri urn within - the- c ry s ta l, there w ill be a flow. - o f f :./ 
vacancies.;,from/the voids lo..the boundary, .. - Th is ’w ill ./ 1
cause the remoycil:of; the-vAOUnded. pores at a rate d eter- ' ay
■t , Y  • Y V --/a ' ’ / / ! "  - ' •••- A . : :  ■; A . ; .. •• - ( ’ Q Q  A • ' / .  ■ 7
mined b y : the/speed o f volum e diffusion* ..Barnes. * / '•  Y .
hofy.ever >\,has proposed, a'-somewhat.; different; iri.ethod.of Y ■;
r e m p y a l *  / . ( G r a i n  b o u n d a r i e s '  a r e / ' s  l o w l y ' d i s p i h c e d j y r i u e " - *
to ;r  ecrys tailisatiohj';and it is  suggested .that pores-.are A:.'- ; '
elim inated by .the continuous,' rem o va l'o f planes (o f (atoms. :■ / -
a d j a c e n t '  t o  g r a i n  b o u n d a r i e s *-. ■ E x p e r i m e n t a l ; ' i ;' e s u i t s .. t e n d  ’ ■
r ’ •('■ ■' a  /  • /  Y  ■ ■. ‘ • ' / ■ ;  a Y  - . ‘• ‘q j v  • . - •  Y;. . . - a  / 'v  7 -
t o .  f a v o u r  ■.t h i s  • l a t t e r , ( m e c h a n i s m /  ' /-(. / ; Y ; . - 7 7  w 7 - " • , 7 a
3.i-4 /a Conclusions ;■'+ --'i- 7 a :*• :Y‘Y / -■' ' ' .. ' ./■ -•:.////• 7
.y. 7 ■ It i s  d ifficu lt to (draw: conclusions; and' "state :a; defin ite ' 
theory"'(of' sintering'‘m  view"of. the;uohtradictoby'nature .of ; 
many of-the -reSuits,-'' but, certain  "features ’have becom e; 
Obvious*•-//;•; YY :-*•.. Y Z- A*: *"b:- / ' Yy ;-/--/‘ / y- _ * a ’ >
61 A  fry. - A y
;.frAfr : / fr'- .-Tlie a b ilify ,to ,s in te r 'oeeme. to,-.be/'a-.-characteristic .
' ' :fr Afi77-yy/A -fr’Afrfr-" frfrfrfr 70 'frfr fr. - y  AfiA- 64 ' '  7 - -' ’ ; frfrfr’fr t. 
vfr o f m aterials ' w ith  sm all ■eiruoture.frtmits- -y-.-and confusion' fr-
-'fr 'has.'.ari den; from  the; fact - that-inve s tigati on d have been " fry.;/y 7 ". 
V-- AA carried  out 611, three; typo o 'o f substancey v izv  •glaasfr.fr*.;-'' ; .77,A  
; frfr ;: refractory;oxides..and;m  etaloi Afr Attempts ‘to.form ulate ; ■' .,7
!fryfr:;afrgeneraitheory, o f  h sin terih g" implicitly.cLa.sumed th a t ;f r  •'  fry 
/■ fr/'dehsiBcation,in'all cases was due to the same m echamsmfr ,777 
w y *;: T h is ‘how.-'soemo;,,not to''b.e true.frv,'-.,- -A,y .fr fr-j: .. 7 yfr 1 ' ■
;A y7 y  fr fr; .-In m eta ls  A it" can be (assumed that the - bulk ..of, .the"..: y'fr... ■ *.
densifi cation-ih-:brought about -by volume .diffusions -fr frfr / A  = :-fi - 
> .- 'ySihce-ihQ' evidencfe'-foy thifyfrestq la rge ly , upon/re suits *. 'fry*' -frA-
a sum os ,• '/AA 'froth 7rOd;-atid'--wire, experiniehts,- this;:c on elusion (are
A/.- •’- and ho.dnefrhas/yet.shqwh., that;the-.cbn'diti.phir in models"--. ; -.'frfr; -
fr. .-Afr ''' correspond-to those in;afrcompact,/ fr:,.t&ackehsi©-fraudy,frfr-fr-frfr/Afr fr .
fry. ’ A:. '- 75'' fr 7 ' vfr; ■ frfr fr'7-'77 fr : v fr frfrfr -fr .7 ‘ -'fr-.fr-,. :;fr-■ fr
,.yy '.Shut.tiewOrth. ; however-,...helieyeAthat'no;shear, stress-can'
f r f r .  f r . f r  operate .when h h o 'sph ere 'res ts  on another; 00 tliat in; these - fr-*:
X,y fry- expoil'm.entsx'(b'ut hot- neces-sarily-.in;-gbheral)fr:flow  .'pro'cess'eo - -.. v 4 :
fr7-fr\piay ho -partfrfr'; On tlie;'other/handVXthis/c-r.itijcismV ■’*£ va lid i .fr :■ y  A' -
A-Ay cannot .-'suggest, that’’f  low ,-dqes-.; op e ra te in  'no rtnal: sin taring-, fr ; fr . -
Afrfrfryin '.support-of which:.vi©w frth©re -is: 116 experim ental ''evidence, fry 7 A fr'-'
•'* Afr . . .  i'-'SonVe.- of;the. -confusipsv ih'theor-y-may be 'founded.in'-x.-' - f r  y frv 7
-‘ fr-/- d ifferences ' ihfrtorminqiqgyfr- fr-T-he^  .concept -of v ie co us: flowfr/ :fr. '[ fr. , *.-
-.frfr AA as proposed b y  'FrenkdlAahd>fr‘Mo -especially#* a'sfr-am ended / Ay , - y.
-by Nabarro and H errin g , which invokes a .mechanism’. ‘
involving a series, of vacancy movements b y  activated 
j urn p's. seem o' hard ly  disfcmgui shable from, a m  echanis m 
involving, bulk diffusion. Apparently d iss im ila r theories 
, mayT th e re fo re , contain mu ch. that (is common to both. .( \
It is  in teresting to notice that A lexander, ’ Dawson and
; 9 2  ' ■ \  • . . .  . . .  : ' ‘
K lin g '  ‘ found that the ;creep.-of,very fine gold w ires  under ; •
■ v e ry  sm all s tresses  was viscous; in Kucyaski* b -eseperi- 
-■ m eats , on the. other hand, flow  was -by volume diffusion.
A lexander, Kucynski. and Dawson " sought,to reso lve  this 
..apparent'contradiction by suggesting that the neck-of the 
partic le  in the la tter experim ents was about, the oisse o f a 
m osaic block; flow" in' thi s : ne ck- was by diffusion but in an 
, aggregate of-m osaic blocks, (such as. the gold w ire s ) . 
diffusion .within-the.blocks would lead to viscous flow  o f 
the specimen,: ' *. ' •
•While, it  seems reasonable, in.the light o f present 
..know ledge,‘ .to consider vo lu m e.diffusion and grain boundary 
m igration  and diffusion as the fundamental sintering mechan­
ism s, it m ay be n ecessary , to gain (any further understanding 
o f the p rocess , to devise methods'which deal not with 
idea lised  and unrealistic m odels (ouch as. rod -and-w ire '/• .-. 
experiments.) but with param et er s o f genex’al app licab ility  to
powder -hiasis.es. ' APeductions foabed .upon[the 'measurement'.*- A- 
.of .surface 'energy,or specific  surface.m ay therefor©Abe.7' /A.:*
u s e f u l ; /
. and one,- o f -great A; y. /
-VJ7.';\ 3 'sA-‘; A"'" v - ’ .. " "■ ' ' - A A . ' • / b y  / /AY7. . v . JO 4#  %. ‘ ■-
:n'0v.eity>pd.in terest* has recen tly  been made by Rhine o ; ■ - /  A;
He' [argueC/that!-tlfe'.limitations:bi Euclideangeom  etry/are ’ too .
■ '/A. re s tr ic t iv e  to allow  the formuiatfpn .of 'suitable m odels, bhd /- ' •* b
■7 considers '.'sintering in  term  s . o f .the' mathem atical theory o f  ^ • A -[:;//
- ..topology. - "Topology _ ignores the m etr ic  proper ties7 of- '7' -. ••:*/:* A/- A;Y. 
, matter-; and deals with surfaces that -enclose .substance. • •'
: •  /There io'-bn^-pax’ahiefer.- (the geniis).;ahd-.feis-' a lters on ly - ’ A .... --/ \ [ Y yA
' A when ' & ur face s/are -cut or.; joined (but hot when they-ar e/y v j  /A /A7 A? " 
/; /.deformed)*,;/ TMs.boncept/.can/be.-appliedfe; sintering.,/; Ay / 7  A • /.' /[[A 
.'/during which the nmri be v of.; contacts betw een 'pax tides- is - AY - A;: ,-
decr;easmg...; .The conventional stages bf.-sintexTng -canifeen/;... A: / ..A /■■ ’A 
. be traced,in"te'rrhs-of[aAdecrea-se.of'"genus, ‘'The'.concepts;AA y AAV-/ y . 
// of-topology are. unusual, and,no attempt to /summarise.-the/-.-- [■- /A/-;./*
'-A ; & p r y  'w iU b e ;madej:/ -a/full[understanding;requires re fe re n ce ; • [ ./■ [ .
-A. [b p  the- Original-,paper*,.- ■-/.Rhine's;’dispussep.-the [four probable /: -Y /7 \; ../ A 
•A/mechamem s- of; sintering and [concludes,' .rather. su rpris ing ly, / / ..[A1/--\Y 
. A; that.the'prdcessi'oAdue only to ^ihaticv/d^formati^i'Y.e^cepbA.;.-,. y/7 A;-,;/. 7; 
.Y: in the[ surface .iayers ;and[ in  [tlie fin a l' stages.. 7 The, paper,[- - /;,[..■-7/ [-'A*
, .7 . cannot be-[critic isedbn the/'grounds- thatb; mass;o£ particles -7 -; A.[A;/ A
: - ,.v; i|
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‘ iera (com plex and, irregu la r  aseem bly,/since the approach- . 
is  ■ sp ec ifica lly  designed t o :d ea l: with th is;: but.it'does seem
c o n -
- sideration o f  possible mechamsm.s of. s in tellrig , which are
discussed m .conventional term s.
\//3,;5 / / E ffect o f - s econdary factors. 7 /-*•;*>-.■•/• 7-' (-Y'Y ."/'/ "  ( o :* •’ 
/(/■(/ ( - ( The w ork ’..and. theories a lready discussed have dealt • - '•
7 only, with single phase,/unalloyed;/materials.v/A n iin iber■ o f . ' : /
' Additional fa c to rs ; can, in .practice:be-superim posed oh, • /:;: ■ ;:/-
' and m ay-m odify, the fundamental p rocesses, Y.V' 7/.-7//. ■ Y7 - '
;.-y ■/-• /Operations *■ /such, a s ,cold, work,, have .often been ,:/*/;. .
/(• considered;of 'importance,..but it is. now. c le a r ^  that they (/ a .//- 
7/ affect sintering only ind irectly;;by. altering .the.num'ber(of :/Y •'■ (
, (grain-boundaries |Yand,\ hence, the (effect; o f g ra m / '/ ;;.. (.(•’ - . /
Y- (boundary diffusion,. On the other/hand,/ the -atmosphere ./ •■/ Y/- • 
,/- (■■used'hash' d ir e c t  in f luohcef/v I f  it;--reacts chem ica lly  with . V  /
7’ the rnaterial((ao- 'e. g.- b y ’(reducing(surface' oxides) it m a y .■ (CT.
; /" influence.the .rate/of sintering , by/promoting adhesion; i f  / 7.7/ y
•i . i-
> . vY-*
reaction  (results (in- the fdrm ation .of ■ a '-defect structure.
sintering .should be.enhanced -/( A  sim ilarphenom enon />•
-'(■'• occur s( with; honk sto ich iom etric  conn pound s', in  which t h e y  • ,
’■ ((exces s concentration (of vacancies ' causes' high sintering /
' 77617/7 :(7 ::7/,.-I:\Y/c t A/a Y- 7 - 7  c t  a .m . CTCT,’/
r a
> -1
v..
frThe e ffec t upon.smteringfrof-a-• second metal.wliicli-:
form s-a soHd solution with the-- hase.• m eta l'has been' frfr.fr
• - Afrfrfr-' A " - vfr, .-•>• A- ': fr fr-. ' -fr fr^ g.frfr'A frfr. . f r .  .'A,-, ' f a  y  ■ fi '
' • •; • ■ investigated., notably by .-Thumm 1©r '. ■ The -presence o f .-„fr
;fr -'.impurities, m ay.m odify .the .surface“energy "and the; - frfr ■. fr- . 
..coefficient o f.;S eH + d iffh s ip n T h u m m ie r  found:.that.;when'.- 
eoUd-solution existed- before" sintering. wais. beguhyfrthe/rate ; 
A-. y  d iffe red  -little fr'pm':tha:f'fbr-the pure 'metal. ' -Xaixoomefr:. 'fr 
A - casps, '-however,.Aah;i^hibitin'gA;e£fect 'whbfr£ound"and' th is .y '
-fr- - ;was attributed .to blocking'-ofihe" mavemfentfrof'.dislocations . -A 
fr ."."Or:to' in crease ; p f the activation energy'"by the second metal, 
fr; • frvyilieii the second. m;etai was ‘ e lectroplated on the - f i r s t ’ (so.-.. 
a. • A that the-.solid - solution.- was (formed' during .sintering);, '= the; -A 
fr /(rate .was much- enhanced, .' • This wa.® ’explained on,the basis
o f  ♦  ;Kirkehda'^l:e£fectS-wMch-lead to .‘greater.vacancy '• .fi." , fr 
: . • fr. m obility..; ,,/v fr'fifrfr , fr ‘fry/fry y ’fr fr'-A ‘frfr,--: frfr frfr V‘A fr A*.
; •' • - fr. 3 7.6 ’Afr Liquid phase/sintering - fr: ■: •*. .- y;.; ;• • ' A *..: fr;. - - y . . .  ; ■'
-fr 'frfr- ' fr The'1 appearance.'of; a.liquid phase enhances .they". - ‘-/fr 
; ;• . f r  . com plexity o f .sintering;.:-...it. is . genera lly ,as sum e.dfr that-.''the
• frfr'liquid-wets the solid and that there is,- a t lea p t partia l
y sblubilityfrof..solid in l i qu i d . ABe f o r e  liquid appears]the fr :• -fr
, - .i
- -j
• . V :
’frnormal stages' bf:conl3biidatioh’''ahd:-.'densifi-catipn' beginv-
: - fr • ' -'Ay- y frfr; _ frfr; frfr \s fr .fr- fr-,". fr .yfrfr:. .'!' (fr;/.yfrfr'. . frfr;-. : ■
; y . 'Therea fter three distinct: stages'can be; re  cognised ,;y * -
'fry Meiting' an'd liquid‘(-flow .cause r e a r r a n g e m e n t  of the ..solid fr -
V+ + -.‘J
>V-
*r A 7;? .v ;
>■’.06; > * . 7  . y  ; / ' y, • A  /•’ 7 7 /7 . *
V ’K '
.•v
l7  : -
% .\ .
- I W
H
• ■ .* .grains- tahd'/cons eq uently denser ' pack ingA th is : is  fo l lo w e d * A y ' A y - A Y  Y
/ ; •  .b y  the solution o f 'small .grains :'and r ©precipitation /on- A y  / . . A ' Y  ’ * ' /
AA A ■: larger-ones.,. '•■Most ,pf the den@ificati.on is -..effected- by thee e.
y . y  _ • # / . 7 7  . " ' 7 .  •, ' - A , '  /  7  7 -  ■ y - y . *7 1 % y .  /• - ‘ . A 7. 6 0  A Y  • A - ■ ' Y f r y  
. . Ay :7*A;m echahism a .• •/* ;.They .have been/explained byB ern ard  y .is.; - A" ..Y/Y A/!f| A
7  du©: to 'tlie-.'surface, and .inter fac ia l tensions o f the .phase's... --;•/! ! y y  ;/A; • A
- . /Sintering- tends-, to reduce the -'free/inter fac ia l energy to a 7-' . ay YyA-/.
. . -..7 7 'rninini mil so -that.-small crystals'*, which have a., high, 7 /: - * .//' • ■ ' A Y . .  A
• ;Y  A curvature-and',/therefore, a’ high inter fa c ia l ten's ion , •., . 7 7  '■ • . A,y-; Y . y y y
• d isso lve -and-reprecipitation1 fro m th e  super saturated . -[- AA A y . Y 7 7 -,y. 
7 y  . AA Hquid-takesplace on the-: larger- crystal's..'where the: .7-'-. 7 ,'.Y - . ...A Y  -Ayy/
%/ (- -'tension ib-'loweryyA;y-Y A ' .5 A .:.y .. ' -, * '"A-/ Y ; • Y  A A y
, A... A -- , ’ M ost-of the-work .on' liquid •phase- sintering has been. ' yA  ■ •’ A'AAA ' /A
.: ca rried  out on the bh&rd rnetalsft, (asAe-.g* m eta l-7 bonded; • A 7 ’ ''•‘A;-.:-Yy;
y  carbidefrjAand it  is.well-known/feat!the shape o f the .solidA -A.,. 7/y::’ y.: Yy.Aj
1, ' .  grains may; va ry  m arked ly-from ' system- to system 'A  ; It /  ’ A A .  A-7 A  A y
A . - -  V / 7 .-A-7  : ■- . A. -. Y Y  ‘Y A - ' A . 6 0  - Y  . 7  . 7  7 / y  , - . . 7  . ■; ; v  7 - , y  Y A A Y 7 /  Y - A . A * :  A -A ; A
Y / . . -  " Y A  - has been .suggestedyyfeat-ifVthe substance that d issolves in : y ;-/- /  , y y  Y ;
V s A y  ..the liquid phase has ctibib oym m etry,’ -thex*e;\vill be little: A- A  A ' Y  - 7 7  f e y , / . .
; 7  /  v a r i a t i o n  o f  m t e r f a c i a l  T e n s i o n ’ w i f r h / s u r f a c ©  s o  t h a t  r o u n d e d  ' A - " / / ,  A Y  f e f e '
/  f e y  ,-.;.--particies-;.are' precip itated [(as - with TiG  and timgsteh); A  i f ,  A  A  A  A A A # '
...however, the tehsiou-va.ries markedly, with, c rys ta l A y. .;■ A ' '"A. A.y A 7 :Z; 
A Y,.:y.Y.. drientatioh/prismatic crystals-feuch ' as-hexagonal. WQ)' / A - ... -’A/.;/-'A AAY;;; 
7  :  A are ' produced AY/The. slow coalescence --of the, solid grains - A A. - / ,  7  / r  A Y  '
and the poeeible/pr,eduction- o f 'aArigici q keleton. constitute -A- A / #• ■ ' ; - -.A/ A Y .y ;;A
tlie th irdY 'andfina iAstagd/of the■ prpc.ees. ( ( ;  . "•■7 / (;(■(
;!" - The Q e(t!i ©pried have not gone unquestioned.- ’ •..••
Y ( . (  ’/■ 96 ;Y Y( Y > ' . / amY> :Y . ( ( Y Y . ..-.-y:Y - •.. . * 
K ingery  , considered that /solution ‘and rep r ©capitation? Y -
would, not cauoe any marked (densification, ' since* grains
would, in te r fe re  (witli each other CT; HeVb uggestedV that th e '/
graips- and that the high press ures(‘ahd=:.th©: points "of ( . y ••**-. - 
c'dhtaet(-between/grains due (to. llquid/vapour-'odr.fhde- 
energy lead  -to- an increased (solubility, o f1'the solid h t (  
the se-point's, ■ Y  The-.niaterial is. then.transported {by. a; . .
mechanism which his/results 'showed tp ;be d iffu s ion -•; 
controlled)-and/feprecipitated at points where,-the grains / 
:wcire not. in- contact," ' (- - Y Y ' YY '.(//.'; yY  ,("'(.(-,•.( y 'V  Ym- :  - 
Y ('; (He suit s., obtained .from /work on the solution o f W-C 
in cob alt ? ' 6 how - that 'the ’ s,61u bili.ty- rate i  s .'spnl e fw o •/ 
.orders.- *pf’fti&gnitud© /less thAh-;-that ('calculated £o'r(a- 'y *• 
rife chamsnr in .which' diffusion* is ( the controlling.:fa c to r , and - 
it s'eeni synnbre l ik e ly  tha-t(a phase-boundary'' reaction! ip. the 
'dominating* fac to rV  ' I t  ip rsuggested that an isotropy of grain 
growth in the liquid; is  related -to;this;.unidentified' phaspY 
boundary'reaction', whereas (if diffusion- in; the ..liquid w e re  : - 
tlid/dohtrollMg - factor (rounded; grains Would-result;'-:. ’ The ' 
grain,-.shape -is. then regarded; as due. to.‘kinetic rather-than < 
equilibrium ..cbnsidef(atipn.sv(..((. ( . M ; Y ( . . / . - ;\ - • Y '  !
y  \Vy ;Y ;Y 47 -rSGO.PE .QF TH E  INVESTIGATIO N / ;
•■....>7 .-■/ 7.v- The, orig inal.a im  'of th© Investigation  .-was. to'(produce ; 
7 .by powder mefcallurgytitanium ~aluminium Ytin aUpys:--with/-fy 
compositions' s im ila r I©  those of/ com m ercia l A rc-m elted  ;?Y 
m ateria ls  and .with-satisfactory.-me.clxanical'propexiieo.(■ ("
. . .7*; (l. T .. '• 'Y** * .7. . a ‘ • - * J ■ : v ;> • ' 7” . • 7. 7 - . /y" V 7 •/
;/Y The rev iew  o f the lite ra tu re , how aver, showed' a'-compiete '
Y absence/of data' fo r  the +30wdei7 metaliu:c*gical .fabrication 
Y;/ o f titanium -tin  'alloys and; o f sodium - reduced ‘titanium 
7 7  and indicated that: the' /commercial te rn a ry  (com positions:
Y  V e Y Y Y t e d  by& einab iH fcy  t d C T / C T C T l i o C T Y ; (  ;
’ . • x- ? - .%
A ; A- m -
M y
/-;•■ V. / : its tlie re  fore,;,, /seemed’ more- profitab le to in vestiga te  7 . ”/'■/ , >7mY(
7 (-( Y'A...(CT; Y'CTYYY'// Y /• Y yy’-'- •'Y'/.Y CT" '/= / -Y-- - Y/ 7 yY  CTY7- 
: in deta il tlie fabrication  o f so&ium--Reduced- titanium/and(> v ' / /‘Y7///Y
'• 7 - t i t a n i u m  -  t i n  a l l o y s  . a n d  ( t h e n  to  . a p p l y t h  e - r e s u l t s  '..to the-
/aiurnimmu-tin.alloys, -studying,/in' addition to: tho-in-' /■ 
d us trial/: com position s ,( other/ single (phab e ‘a llo ys , whiehy 
.- /although-not(suitable .for--fabrication by a fe -m e ltin g  and (
•y ’ forging,/.might-:.be am enable to-powder metallurgy./ Y/-:
, technicxues. (ThriAfflxbped thatthib/progr^m m d .would- V- 
'(//lead to resu lts ,©£(greater, usefulftes s' than those, o rig in a lly '
v - /Y y
"A
A . /-/'/]
-V . r. 
CTt : V
•' ; v*. :• *
-A- :Y;.
/ lenvisagedCTsmce'they m ight.be'applicable to.:alloys other than .7'/ ’ / / '7 / j
y- \ v* 
* *7 /
/■ ;* .•-1.
A f r / f r ; :  f r ; / : / / . y 9 :f- . f r / f r 7 / / A  f r ' f r y . - - . f r A : ;  f r ;
/ fchooe -initially ' o f -interestfi fr Before, tile ihain programrne • 
A„.;w&u embarked ..upon'a - short p relim inary investigation was 
. carried  out to endure that the titanium powder availab le was,  
.in-fact,, suitable, fo r  powder .m eta llu rg ica lfab rica tion :••..
; • y . frThe. experim enta l apparatus and procedure, a re  . 
described in sec tion -5//. The .results obtained from  the A ’.
- 'p re lim in ary  In vestiga tion ,-Afrom ihe investigation 'o f ' a; . '  A ,
titanium and. titanium-'tin a lloys and from  the ia v eo t ig a y  '
: \  / f r  j - .-■• / ;  . . f r if r . -  •' /  . . .  . •x '
:^- t i ’on of.the .ternary .allOys, 'are-fir©ported.and discussed in * 1
. sec tion s - 6 - 8 > / During the course .of the work- it seemedfr;. frfr
'; ;adylsable:.toAcarry’ out certain  additional m in or inVestiga-
- tions and these a re  described in;section 9 and 10; A frfr
. genera l dio cuss ion of- d ll lh e  resu lts and the conclusions ...fr ... 
fo rm  sections 11 'and'12.fi -. fr/A/fr.*.. A / fry’ ’-’ fr.. /;• A -■ 'fr 'fr ,/fr
'%} ■/.
-.V
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'5.- i • Com pacting , e q ul pin eat 7
. Pow der specimens w ere pressed at I’oom. tem perature 
in  one o f two d ies. 'P ressu re  w as.applied by.a hydraulic 
press , which had a capacity o f 120 tons acting on. 10.inch 
platens; the low er platform  o f the press moved against, a 
fixed upper ram at a speed of 2 ins. .per minute.. 7
.; Compacts s uifcable fo r densifcy ineasurements w ere  
pressed  in a sim ple die assem bly m ade.from  a high carbon, 
high chromium die steel. The machined parts w ere 
: hardened by quenching from  9? 5°C, and w ere  tem pered 
at 200-250°C ; -[after this treatm ent the steel had a hard * 
n ess o f ^  6 0 0 V P N . The di e as s am fa iy  i s show n in .
F igu re 10. XJpper and lower, pressure pads (a. apd b,. 
resp ective ly ) fitted into the container (c ) and the powder 
was held-between them. P ressu re  was applied through 
the plunger (d) and the cap (e ) . Only thes.e parts w ere ' - 
used for preparing specimens fo r the p re lim in ary  investiga­
tion, but fo r  la ter 'w ork  a rubber pad (f) was placed beneath 
the container; ; This consisted o f a' square o f 1 inch thick 
."Sorb©11 rubber which during pressing e ffe c tiv e ly  isolated .
. the' container. This g rea tly  reduces.d ie w a ll.fr ic tion , and
.5. E X P E R I M E N T A L ,  E Q U I P M E N T  A N D  P R O C E D U R E
give® better (pressure dlstribtitiohAin the- compact,*/' y ' ' "  'fr 
which’ virtual'lyfruhdergo'eo---two?directional(pr.essitig.*.: / . 
The pres is e d ' compacts had- ai d iam eter ‘ o f' approxim ately  "" 
1 i 016 ip-fi . f r  -To e ject the-opedirrjehs a fter pressing', pad'* 
b'-Was- removed-, .and ..the'.coi&f^iaeifw&s .placed oh a : .; 
s im ila r container (not'-shown)«■"’ " P ressure; applied “to A a  
cap ©;then pushed , the com pact , out;of the .container c* . f r  
Since the - bore b£ the lowerA container .was larger, than,; ' fry, 
that o f :c,..-. the’: compact' fe l l 'to  the (platform  /of the press.V 
The clearance between-the'pressure- pads and cohtamer fr 
c was ' 0.005 ; l n i  /there .was •little/wear • on the 'd ie  walls-1, A 
and this - hssernbty >proyed : v e r y  sa tis factory  .throughoutA*‘A 
the investigation . AA - Afr '.fr fr-;frfr ';'fr> -•; v- " . ;/• ; V ■
... ■ A* L a rg e r  compacts w ere  requ ired  -fpsr'determination 
o f m echanical p roperties and 'thes;e-.ware:prepared.’infra-. A 
die assem bly which gave rectangular,specim ens/.
2*'5:1x1.' x  4 iti.fr ‘ The dieVas.sembiy is. shown' in F igu re  11; 
it: was made from  hardened s tee l .add is-/basically, sim ilar', 
to ‘the .emaUer.die -set...: ’-How eve r  ,A £btir .removable, inserts 
(t-i- and.fo) act- as; guides l o r  the upper ’and low er punches-' - 
(c.'ahdvg respedtiyely).- /The';.container :(d) r.este upon a 
plate.; (a ) ' wMclfr i t s e lf  1 s- auppprted-: by';ten' s te e l’ spring's! ( f ). 
TheeeAsprmg's ensure two d irec tio n a lp res  sing .with litt le  y
'..72 - '• ;Y v  YV
'[ yy-v « [Y.v/ywallfrictioBj'/.and/serve fee'-*sam e'[purposeber -the'-.rubber' :V v;y 
,7 ; : V • y./; ■:[-/■ pad in-fee sm a lle r die '.assembly.-' y F o r  clarity,- som e. o f v 
•./>. the" springs have bebh'omitted ’from  -Figure .1 - 1 /.Tlie die
-” .v V* ;/'v • gave'-satisfactory specimens/but i t s ’ large.-'sia.e-'and w eigh ty: ""
- b / Y  j .  m ade;r6utinefeafepulatim x.difficu lt* felt. .was desirable-to.-.
/ ; 7 / • •. / ;bh\ Mayo the die, in-the press durfeg/compacting © f a l l  t h e y Y .
; [ ' ‘ \, •- specim ens in a ’s e t , .ahcl-this.led.to'difficulties iii y.
Y [v [ ’' 'v . [fe/bjectmg, the ''specimen. / A f t e r %compactioni A it? was ' [
y /. yy‘ '-• • neceasary,to  re lea se ” the. p ressu re , so fea t'a  steel • b l o c k y :
'"■:A ''A C /  // .(|:[m /'M gh) could .be.sEd .mto'position-beneath pim cli:g . "
y/"• -'/;•[•[/ ' Y ’■ Steel'.blocks [p lacedba  the container -a tb b e ld ; itAiia'.Ayy -•/
7 ./'/[. ; position 'while/plunger" g wau':moyexl:.upwards"to" e ject --:•// /
y / • /. [ - -the compabt.y.A. .'The...procedure--warj-.easybut tediouD. / A- . .-;#/
y/ '/ ./ - > W  ear -oil .tho; ‘die.- walls-'wad -"s ligh t». but the plungers 'were  '
:y[y; - A . ../-/liable to fracture*-.and..bp. one-occasion a[n©wysei/ha;d.to/be A * 
[ ;" - Y Y ’Y'' Ay-fitted*--. • /[ -'. . ■ >7 ,Y . . '/. / Vv"
5 * 4 :ermg acumacee; Y.■3z£*^r,
” [[/.- y- A-.. Z-yV;- / ..-'Two-Vacuum' furnaces,- o f .similar' .design, • w ere  us ed ■ fo r ' 
/ • [  ■' Y y om ferm g' fe eb p ec im eh s * [A/It'was7 believed that ieso/cohtamina* 
•'/■ •[•• •;/ /A-/tipn would/V;esult fro,m[ sinterihg"in waciio than 'in  ;&ti inert-•/ :j..y 
/;v[-_ b / y  .y :atm osphere, sb^ [as [[p jife^  -•:/7 A/A // [A ’/ -/ 7 y  v y/-v/
'[r'['/y:a/,-7; /y,y:.;Th© or’iglhal-'furnace wab'Uped:.for/ali th e/earlier[[ :Y  :Yy 
■ ; .  . <• • i ■ ap© cim emu;u **; The -.furnace 'a s’ $ em bly/is. shown - in  F igu res 12/-
a n d 13. tlie furnace is  given in F igu re 14 and the 
' ele.etrical c ircq it in -Figure 15..' The-furnace tube .was 
made from  mullifce and was 900 mm long with.an internal 
diameter, o f 38 m m ; the tube, was water cooled at both 
ends to prevent softening o f the sealing compounds used 
tq.prevent leaks. T h e  m ullite tube was ouiid.ble.for, ' 
vacuum work up to 1430°C. . -
The.furnace tube (A,. F igu re 13) was. connected, by ' . 
m eta l bellows (b) and a cast-iron  tube (c ) to a - 3 inch o il 
diffusion pump (d)»> The diffusion pump was heated with a 
450 watt heater, cooled by a ourroiniding water jacket,- and 
was backed by a single stage ro ta ry  pump (e ). The la t te r  
was capable o f giving a pressure o fif^ S ^ fro m  atmosphere . .
in -20 minutes and the diffusion pump could then reduce the 
p ressure. to 0.1. ^  , Between the pumps, a va lve ,(f) was 
inserted  in the line to prevent suck-back o f o il  on switching 
'off the ro ta ry  pump, . ‘ -? ’ . ■ - '
To measLire the p ressu re, two gauges w ere  placed on 
a.side arm between the furnace tube and the pumps. One was a 
hot w ir e  .(p irani) type gauge (g ), and the other was a cold 
cathode-iohieation gauge (h). ■ These w ere  connected to-a • 
d ia l on the control panel; the form er, gave readings down 
to V  5 \and the.-latter was suitable fo r  m easuring low er . 
p ressures.
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T tie furnace is -shown in -F igure 14. frit, was heated, 
by the resistance o f four s ilicon  cas'bide ("C ru s ilite " ) 
elem ents .(A) connected m series  and arranged .para lle l 
to the furnace tube. . The elements w ere  500 mm. long 
. and 14 mm d iam eter; they each-had a- resistance o f 3 •&.
The furnace was insulated with hot face insulating bricks.
' (B ) and slab insulation (G ); around th is, stainless steel 
sheet was placed (D ). •
The. furnace--.elements w ere  connected to a Variac 
au to-trahsform er.( j,  F igu re  13), supplied from  the m ains, 
which gave an output o f 0-270 v. at-a maximum current o f 
.15 amp; an.ifrfpuft o f 2 kw was -nuffi'ciont to maintain the 
■furnace at tem perature. The-furnace tube was w ater-: • 
cooled at;both ehds (k) and specimens w ere loaded at the 
.end opposite the gauges and pumps. A t this.end, a lso 
a platinum/platinum-10% rhodium /thermocouple, in  a 
m ullite sheath (h ), was inserted  along the centre o f the 
furnace tube, to m easure the tem perature at a point m id­
way between the ends o f the furnace tube..;'/ The steel.cap
. f r  . ‘ ‘ • • . . - . " .
(m ), into vdiich' the therm ocouple sheath was sealed , was 
w ater-coo led  (n) and a ga’eased rubber washer prevented leak 
= between the cap and the furnace tube.•. The tem perature ware 
m easured on a reco rd er on the control panel; tem perature
: ■ CT.; 7 . : - 75 -■ . •. 7  . / \ •“ 7 ? :
c o n t r o l  w a s  o b t a i n e d  b y  m a n u a l  o p e r a t i o n  o x  t h e - V a x l a c  
t r a n s f o r m e r , ; . ' ■ _ • . •> a - . : ; a  - . . _ ■ .  • , . .
//The-control.panel {F igure* 13) contained the-control ( 
switches fo r  the'pure po (a) and furnace {b ), the tem perature 
r e c o rd e r ‘ (c ) and an am m eter (d ). There were, three tim e .
' switches (a ) to  'a llow  automatic switching on and o ff o f  fee 
pumps and the furnace,, and indicating lights ,{f). A single 
ricale, with two pressure ranges jWao used to 'ffleaeure . 
.pressu re; these com prised the Edwards MPh ilaa in pressure 
gauge (g ). > *
The -pressure in this furnace could be held to 0 .1- 
‘ Q.OI'yfc at tem peratures ao high ad 130Q°C. The maximum 
tem perature at which.the elem ents could be run continuously 
was ^  . 1475°C . The teinpei-ature could be controlled to less 
than *  10°C. .'
The second furnace tube was s im ilar to , but la rger 
than, the orig ina l. The furnace assem bly is  shown in 
F igu res 16 and 17; the e le c tr ic a l c ircu it is  given in 
F igu re  18, The furnace tube {a , F igu re  17) was o f m u llite , 
900-mm long, with an internal' diausaeter o f 50 mm. It was 
heated by six “ C ru o iiite “  heating elemento 540 mm long by 
14 mm  d iam eter; • these each had a resistance o f 3, 7 'JL 
and’w ere connected in two para lle l branches o f three elements
fr. A" /frfr, v ‘ ;fr ■- ih 's e r ie s , .to"a, ..VariacA autofrahsfdrm e? :{b) which\g.aye‘ah ; A-frA 
,. . . output o f 0. 270 ,v.’; at A-20' simp*- :/..The-‘furnace tube', was .A/Ay - •:
fr A / ’ a fr / fr" waterfr cooled-(c) and, was connected .through afr bellows. (d ) :' fr frAyy. frfr:- 'frfr. -
f r ; , - . ; / A ;  / . ' U n d '  a .--steel'pipe .(e). to/ayE inch-oilfrdi'f£usion:pumpA:(f) .backed b y ; .. f r f r
• A.- -A , fi ■■■a s in g le .stage ro ta ry  pump' (g ). / AA baffle valve (h)Laud an' air.; -: .A. A frfryfr
frfr ‘ frfr. a • ■ fi in le t - v a lv e ( j )  .were in serted  between th© pumps.fr Between' 'A .... - f r f r  frfr A* 
■‘ f r f r  A A , - f r "  furnace tube and diffusion pump',-: a. cold cathodei.onisation A A - f r f r A  ’f r y . - f r f r  
y.fr j y ~ ; A‘ ' ’ .gauge, (k)' and'a discharge., tube .(lA):w.©re placed on Aa. si dearm ; A ■" .. ;frfr Afr frfr 
/,.■ f r f r . '• frfr A': ■ th©/former..-was read oh' the••1 *Philahi1 * scale on ‘ the control -- A. ./A -frfr "Afr.-;
-, .. frfr :♦ “ frA panel o f  Athe;.rem’alier'£u i% acev-:.Afi'frA'.-' Afr frfr' ■_ . frfr/-- frfr A '"""’A frfr-'fr. -A frfr- fr fr  
fr .fr  (fr ♦ Afr'.':'A. : The furnace-tube was insulated’' with hot face insu lating ' fi ; frfr frfr
frfr- fr A fr.bricks.' and: was; eurrounded by-a* stainless-steel; case fi" A  
;»v* f r f r '  A \fi , platinum/platinum -1 Q% rhodium thermocouple in  a m uUite "z-fr‘ fi’y-'fr'fr-.. 
A'fr- frfr.. fr"- fr; sheath (m ) was /placed along the centre of thd furnace tub efr ’ ‘'fr A; t i f r :f r f r f r  
' A A-../;, fr fr  the -'mhliite'Asheath vfras ■bealeciin" a/steel Cap (n) which con- frfr;--' •" ; frfr' ‘Afrfr.fi 
' - ’ •’ Afr. ' • ■ /fr-- taihed an UO" ring.-iti/a;lh& chined-;grooveto prevent--leaking':' „ . /fr. ; frfrfr
,,A frfr* .v /. frfr - o f a ir into; the' furnace tube. A, /The thermocouple- was. con-- fr.-fr- ,A; fr- *• A./frfi 
A fr'" '• A-fr/fr hected-'to a potentiom eter (p ) fo r  AacA.curate measurement o f A-'
-fifr'fr'frfi fr'; ’Afr tem perature. Afr-A second thermocouple |platinum/platihum-’ 
; fr Afifr ;A •■//; A' 15% rhodium ) in,. a Am uliite sheath (q ) , was placed along the ; :
,:fi A • fr*-: /--fr fr;./-*. outs id © /• o f the" furnace;.tube, ■and/was connected'to an .anti- 
.frfr' frfr. -: A"'Cip^tbryrtype.'temperature con tro ller on the cAontrot panely 
A frfr".. - -There was a large d ifference' ih ’tfce/tfeadings. of;the two 
'fr.frfrfr.fr.fi/ Afr- thermocouplesAi; the control/thermocouple ..being up,to;-100 °0  .A A
•.higher?-than the,o ther, but con tro l'b y  the ,outer controlled 
.the.temperature, o f the.inner- to h o tte r1 than + 5°C .
_ The'control-panel-[Contained switches (a ). am m eter 
(c ),  indicator lights, (d ), tim e switches ..(b) and the- tem p era -. 
ta re  con tro ller (fe); .' tlie high tension unit (f) fox4, the discharge 
tube w as:fixed  to the side o f the,control panel. v ■’ ■
5.3 Density. measurerhents • ••
The-compacts obtained from  fee.two die assem blies 
a re  shown in F igu re  19. . Densities ox the compacts w ore
[ m eaburec ia fte f compacting and a fte r  sintering. The ? 
volum e could, in genera l,, be obtained.accurately-by cai-. ..
' culatiohvfrom the dimensions of.the compacts. Some 
d ifficu lty  was experienced with som e o f the sintered •'? 
specim ens,. due to ir re gu la r ity  o f the surfaces, and other 
method o of'm easuring, volum es fo r  density m easurem ents ?
- were-"considered. :: Pyknom etric m easurements g ive  the 
[m o s t  accurate value's o f  volum e, -but any method which-, 
relies- on the d isplacem ent o f water..may be unreliable for' 
powder compacts - since. -water m ay enter, the 'pores  and.- 
g ive  a high resu lt; . . I f  the poros ity  is low , this does mot - %
introduce any appreciab le e r ro r ,  -but the method does not 
• allow  easy detection of'specim ens, with re la t iv e ly  la rge  .• . .
.. porosity . ’ • Liquids o f high surface tension can, o f  course,, 
be used fo r  d isplacem ent to, obviate this d ifficu lty , but it was
decided that d isplacem ent o f d istilled  water was. satis- 
fa c to ry  i f  the,surface of the specim en was firs t  covered  
with a-thin film  o f petroleum je l ly ,  , which e ffe c t iv e ly  
excluded water'. • \
5.4  .Sintering p rac tice  -'-a ; ■ •
Compacts w ere sintered in oe.to o f f iv e , since fiv e  
a llo y  compositions w ere  used. The specimens w ere  placed 
in  refractory-boats * It was not s tr ic t ly  n ecessary  to support 
the specim ens, but it  'was believed  -.initially''-that*.during 
sintering,' tin m ight run out o f  tlie compact-on to the furnace 
w a lls , Th is , -in fact, r a r e ly :happened but the boat was 
retained since it a llowed the -compacts to be1 positioned 
accurate ly  at the centre o f the furnace. :• .
Refractory-boats o f various.m ateria ls  (V itr e o s il,  - 
A L 0 o and ThCA ) w ere  tr ied  during the p re lim in ary  in vesti-
. ■ / G O .  -,£$ A  ‘ , -
gafcion, but V itreo s il boats w ere  used fo r a ll the la ter :
sin terings. These tended to blacken during use but each 
boat withstood. 10-15 sinterings before breaking.
,5.5" ' M echan ica l tests .-
Compacts pressed  in the la rg e r  die Were used fo r  the 
•preparation, o f tensile  specimens', Which w ere  tested  on a 
Hounsfield tensom eier. F o r  this .purpose specimens with 
a d iam eter o f 0.126 in, and a gauge length .of .'5;in. w e re  
used; one, o r  in  some cases two,- specim ens w erem ach in ed
xrom each rectangular block. A  machined specim en is 
-. shown in F igu re 1 9 . / A fte r  some in itia l d ifficu lty  due to 
bending o f the opecim ena, machining proved to be fa ir ly  
easy. U ltim ate tensile  s tress , reduction 'of area  and 
elongation 'w ere m easured on the tenoometer*
The hardness o f the tensile specinieno was .measured 
on a V ickers, m achine, using a load  of .10 kg applied fo r  30 
Seconds. The hardness o f the sintered compacts was also 
( measured by m aking.im pressions oil the outer surfaces but 
these w ere  e rra tic  and-are not recorded. . Two causes can 
lead to erroneous resu lts; . ■
; 1. the amount o f.residual poros ity , espec ia lly  i f  la rge ,
• w ill lead to low results ; ■ ’ ' •
2, the surface is  not regu lar enough.to g ive  a'good 
,Y  ... /diamond im pression  and, in any case, is  liab le
... 7-. - '-to be contaminated. . - .. 'l:1 7  - :
.It was not.considered worthwhile to section,each com ­
pact and polish, the surface fo r  hardness measurements.
. The results obtained fo r  hardness, determ inations on the - 7 " 
tensile  specimens have been recorded. ' Since the latter 
w ere  sintered under;optimum 'conditions + "the pdrosity is  
low; and since-the specimens w ere  machined from  the 
centre o f the block. contamination' is nnlikely. The results 
. (are,-.ther ©for©, .consider* ed to'-be accurate.
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The.-polishing o f  titanium and its  a lloys  • fo r  mofeallo- 
graph ic exam ination  often  .causes considerab le  d ifficu lty , 
and m echan ica l methods a re  not a lw ays sa tis fa c to ry . 
•••Electrolytic polishing, techn iqu es, th e re fo re , have many 
advantages and, in p a rticu la r , they avoid .surface flow  o f 
the sp ec im en , so that subsequent m ic ro -exa m in a tio n  becom es 
less  ambiguous.. . T h e re  a r e ,  .h ow ever, certa in  disadvantages 
assoc ia ted  w ith  e le c tro ly t ic  po lish ing; the m ethod shows a 
tendency to g iv e  high r e l i e f  and uneven su rfaces and this is
m an ifested  in a ..m icroscopic, r ipp lin g  e ffec t.- It:i o  e sp ec ia lly
■ -
noticeab le  in  a llo ys  having la rg e  s ingle  phase areas. (ouch 
as .e .g . the tit&nium- t in 'a  type o f  a llo y ). . F o r  routine 
e le c tro ly t ic  po lish ing , it  ie  a lso  advisab le to ensure that 
the.shape, o is e , etc. o f the specim en  a re  standardised.
' For,, routine po lish ing o f the titanium -tin  a Hoys j' the •' . 
e le c tro ly t ic  m ethod was p r e fe r r e d  and a c e l l ,  shown in ; 
F igu re  20, /was'built fo r  this purpose; the 'control-.panel . 
and the e le c t r ic a l  c ircu it a r e  g iven  .in F igu res  21 and',22 
re s p ec tiv e ly . A  p ersp ex  conta iner (a , F ig u re  20) was 
used to hold the po lish ing solution; a sta in less s tee l ' 
cathode (b ) was used and the. specim en  (c ) fo rm ed  the:anode. 
Th e specim en  was mounted in N . H. P . p lastic  mounting 
medium- and e le c tr ic a l' contact was- m ade .between it- and the
c ircu it by a p iece  o f thin copper w ire  (d) which was 
firs t.h ea ted  and then pushed through the mounting, *
Th is w ire  and one from -the cathode w ere  attached to 
brass b ridges (e ) which were, connected to the e le c tr ic a l 
c ircu it. A g ita tion  o f the e le c tro ly te  was poss ib le  by the 
s t ir r e r  (£) which was d riven  by a, sm a ll m otor (g ).
The c ircu it was o f the a e r ie s  type (F igu re  22) and 
th ree phase cu rren t .(440 v ,  50 c y c le s / s e c .) was supplied 
to a tra n s fo rm er  (E ). A th ree  phase r e c t i f ie r  (D ) and a 
rheostat (C ) w ere  included in,the c ircu it , to g ive  an output 
o f 0-110 v  D .C . a cross  the ce ll. V o itage  and curren t 
read ings w e re  taken oil the vo ltm e te r  (B ) and the am m eter 
(A ). The con tro l panel (F ig u re  21) contained the rheostat 
con tro l (n ) 3 v o ltm e te r  and am m eter dials (h and j , ;  
r e s p e c t iv e ly ),  a s t ir r e r  speed setting sw itch (m ), con tro l 
sw itch  (p) and ind ica tor ligh t (k).
, *• 9 9  • * . * '
T ega rt has d iscussed  the p rin c ip les  o f e le c tro ly t ic  
po lish ing; the exact m echanism  is  doubtful but two process 
seem  n ecessa ry  fo r  su ccessfu l polish ing. The su rface o f 
the specim en must bet^
1, smoothed by the e lim ination  o f r e la t iv e ly T a rg e  sca le
su rface re g u la r it ie s
2 . brightened by rem o va l o f sm a lle r  ir r e g u la r it ie s .
O'?06,
P re s en t th eories  a scr ib e  sm oothing to-the fo rm ation  
o,£ a th ick viscous anode la ye r  o f r e la t iv e ly  high xAsistance 
which fo rm s during passage o f the curren t arid is  com posed 
o f reaction  products from  m eta l and e le c tro ly te . The la y e r  
is  th ick er in troughs than at peaks on the su rfa ce , so that 
solution can occur m ore  qu ick ly  at the la t te r ,  since the 
la y e r  at peaks w ill  in te r fe r e  less  w ith d iffusion . .As the 
res is tan ce  to flow  o f cu rren t w ill  a lso  be leas t opposite 
peaks j, a high lo c a l cu rren t density  occu rs , w ith p re fe re n tia l 
solution o f ra is ed  spots on the anode . 1 B righ ten ing is  thought 
to depend upon the fo rm ation  o f a thin film  on the su rface o f  
the anode. The film  is p robab ly  on ly a few  a tom ic la ye rs  
th ick and undergoes a continuous p rocess .in vo lv in g  dissolu tion  
by the e le c tro ly te  and rem o va l by m etal from  the anode.
The film  m ay in m any cases be., but ce rta in ly  is  not a lw ays, 
o f  oxide. . I f  the e le c tro ly te  lias fr e e  access  to the anode, 
etching occu rs by d isso lu tion  o f m eta l p re fe r e n t ia lly  from  
s ite s -o f high en ergy; fo r  brigh ten in g, this attack m ust be 
p reven ted . On the other hand, i f  the film  is  thick the 
su rface is  not brigh t. * ’ .7
, A  graph o f anode curren t density  against vo ltage  fo r  
an e le c tro ly t ic  c e l l  shows, in g en e ra l, a number o f m ore  
o r  less  - w e ir  defined portions to which ph ys ica l s ign ificance 
can be attached and w h ich .rep resen t etch ing, polishing-, gas
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evolu tion , etc* Optimum .polishing conditions., occur 
w ithin the fla t  portion  o f  the cu rve . F o r  the particu la r 
c e ll used in the presen t-experim en ts  va lues o f cu rren t 
density  and vo lta ge  w e re  obtained fo r  four anodes o f 
d iffe ren t com position ; the graphs plotted from  these 
resu lts  a re  shown in F igu re  23. The th ree  titan ium -tin  
a lloys  w ere  a rc  m elted  a lloys  obtained from  Im p er ia l 
C h em ica l Industries L im ited ; • the titanium specim en  
was o f doubtful o r ig in  and pu rity . The "p la teau ”  in each, 
cu rve oeerho- to  fa l l  fa ir ly  d e fin ite ly  around a vo ltage  o f 
30 v , a lthough ’it  is  m ore  o r  less  m arked fo r  d iffe ren t 
specim ens; a vo lta ge  o f 30 v  w as , th e re fo re , chosen 
as the routine operating  vo ltage .
. • Various; e le c tro ly te s  w ere  used in it ia lly  but the solution 
which gave the best resu lts  and which w a s 3 th e re fo re , 
re g u la r ly  used contained;
. - •; . 540 cc.;: • ethyl a lcoho l
/ 60 cc ; butyl a lcoho l
36 g. A IC I3 :
177 g. . Z n C L
The A IC I3 was added to the m ixed  a lcoho l s low ly , and the 
Z n C l4 was added a fte r  it . The solution, unlike those con ­
tain ing p e rch lo r ic  ac id , io n on -exp los ive ; it  is th e re fo re  
sa fe and a llow s specim ens mounted in p lastic  to be uoedas 
anodes. The solution is  stab le fo r  about one week and can
be s to red  in a g lass bottle.
• Titanium  a llo y  specim ens cut from  the cen tre  o f 
s in tered  com pacts w ere  used fo r  po lish ing. Sawing o f 
specim ens w as 'not d ifficu lt , but the com pacts qu ickly: 
blunted the hacksaw blade. The specim ens w ere  mounted 
in  p lastic  mounting m edium which hardened at room  tem per 
tureY A fte r  m ounting, the specim en  was file d  and polished 
e ith er as fa r  as the 600 paper in w a te r , o r p re fe ra b ly , to 
the OQQ papers under p a ra ffin . The specim  ene w ere  then 
su itable fo r  polish ing and the copper w ire  was. in serted  to 
a llow  e le c t r ic a l contact, :P o lish in g  was ca rr ied  out at 
^  30 v  fo r  5 m inutes; the current, density was about ,
. 02 am ps/cm ^. The te m p e ra tu re 'o f the c e ll  was 25°C 
and the e le c tro ly te  was agitated by rotation  o f the s t ir r e r  
,at 250 re v s . /miri. A fte r  po lish ing the specim en  was . 
washed in bo iling w ater and then in m ethylated sp ir it , 
b e fo re  being d ried . ' , . (
E tching was carrie 'd  out using a solution containing 
2fc H F  in oxa lic  acid o r 2% H F  and 2 $ ‘ H 2 02 (100 v o l . )  in 
• w a terb  both w ere  sa tis factory ., ;.
.5,7 X - r ay  exam ination
. X +ray ' exam ination..of powder specim ens was ca rr ied  
out on a Raym ox generating  unit. A tungsten filam en t was 
' use.d, w ith ta rgets  o f e ith e r copper o r  cobalt. N ick e l and
iron  f i l t e r s ,  re s p e c t iv e ly , w e re  used to g iv e  on ly  Ka 
rad iation . Photographs w e re  taken on a 9 inch "U n learn”  
(D eb ye -S ch erre r  type) cam era . When the lin es  on the film  
..were fa in t, .their position  was m easured  w ith a s te e l ru le r ; 
it  was obvious that this was sa tis fa c to ry  fo r  determ in ing 
” d”  values but would not g iv e  su ffic ien t accuracy.fore the 
ca lcu lation  o f la tt ice  p a ram ete rs , F o r  the la tte r , sharp 
lin es  a re  necessary .an d  these w ere  m easured on a 
tra v e llin g  m ic ro scop e  which gave readings to + . 0 0 1  cm .
In a ll cases w here the i^osifcions o f the lin es  w e r e  d e te r ­
m ined , c o rre c t io n  was made, fo r  film  shrinkage, etc. 
during p rocess in g  o f the film  and subsequent exam ination.
5. 8 R o llin g  equipm ent
Specim ens w e re  r o lle d :in a ro llin g  m ill.w h ich  was
driven  by a 100 H P  va r ia b le  speed D. C. m otor through a
w orm  and w o rm -w h ee l reduction gear to 10 in. d ia m eter ,
10 in. w ide tw o-h igh  r o lls .  Specim ens w e re  e ith er reduced 
Cfoss *
in^area, o r  w e re  ro lled  to s tr ip  oh this m ill.
5 .9  1 A r c-m e ltin g  fu rnace
A sm a ll la b o ra to ry  a rc -m e lt in g  furnace was designed 
and constructed fo r  in vestiga tion s  into the e ffe c t  o f tin on 
the p rop ert ies  off variou s re a c t iv e  m eta ls ; s ince a num ber , 
o f  a rc -m e lted  specim ens w e re  used in the presen t w ork
(e s p e c ia lly  in.that describ ed  in -section  1 0 ) the fu rnace is  
b r ie f ly  describ ed . A  photograph o f the- arrangem ent is  
shown.in F igu re  24.
The design  fo llow ed  that comm on to m ost la b o ra to ry  
.a r c - fa m a c e s  and was su itab le fo r  m elting  buttons o f 
1-5-30, gm w eigh t, although specim ens up to 00 grn 
could be m elted . The me Itiiig  cham ber con sis ted. o f a 
copper b e ll and a |-M th ick  copper hearth , both o f which 
w ere  cooled  by w ater passing through copper pipes 
so ldered  onto the structu re.
A non-consum able d iam eter tungsten e le c trod e
was fitted  in to a w a te r -co o led  copper ho lder which was le t  
into the top o f  the b e ll by m eans o f  fle x ib le  phosphor bronze 
b e llow s. Handles attached to the top o f the ho lder a llow ed 
ea sy  m anipulation o f the be llow s. An a rc -w e ld in g  gen era tor 
was used as a. source o f d ire c t cu rren t; the a rc  was struck 
at about 40V' and the gen era to r  could, g ive  an output o f .
600 am ps. The hearth was m ade pos itive  and the tungsten 
e le c trod e  nega tive  to deve lop  the greater, amount o f heat at 
the hearth . ' '
Vacuum tightness between b e ll and hearth was m aintained 
by an n0 H sea l which res ted  oh the-hearth and which was located 
between two tu fna l.r in gs. T h is  set-up a lso  p rov ided  e le c tr ica l-
- • . - 8 6  -
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insu lation  between the coppex* parts . The vacuum 
furnace was evacuated by.a ro ta ry  pump and the p ressu re  
was ind icated on a d isch arge tube and a P i  ran i gauge head 
situated on .a -s ide-arm  beside the hearth. A rgo n  was 
adm itted through another s ide arm -by.m eans o f a need le 
v a lv e  and the gas p ressu re  was reco rd ed  on a capsule 
gauge. - • - . . • *
The fu rnace was .illum inated  by .a/small c irc u la r  
w indow at the r e a r ,  behind which a 40 watt lam p was 
p laced ; a rectangu lar window in fron t a llow ed  the specim en 
to be a ccu ra te ly  positioned'and^with. a dark g lass  p laced  
o v e r  the w indow , the p ro g res s  o f  m elting-to :be fo llow ed . 
The m ain  con tro ls can be seen  on the panel in the le ft  o f 
the photograph.
Up to 6 o r  7 specim ens could be, loaded into the 
fu rnace at one tim e  an d 'th ese .w ere  located around'the edge 
o f the hearth* A  “ g e t te r “  button wao placed d ire c t ly  under 
the e le c trod e . The furnace was then1 evacuated and a, 
ch arge o f  argon  was le t in  to flush the. system ; this was 
pumped o f f  and m ore  a rgon  was adm itted to a p ressu re  o f 
20 cm o f m ercu ry . The a rc  was struck onto the g e t te r 11 
b utton to en s ur e pu r i f i  c ati o n ' o f '■ the atm o s phe r  e . E a ch 
button.in turn was p laced  beneath the a rc  and m elted ; it  
•was then turned o v e r  and rem e lted . Th is p rocedu re was
repeated  so that each button w as m elted  at lea s t 3 tim es 
to  ensure hom ogeneity  o f  com position . H ardness testa 
ca r r ie d  out on titanium buttons showed that no m easu rab le  
in c rea se  in  hardness resu lted  from  this m elting  procedu re.
• . . ' 6 . ; RESULTS. O F P R E L IM IN A R Y  IN V E S T IGA T IO N
/ T o  evaluate ,the p rom ise  o f pow der m e ta llu rg ica l 
.methods in  tho p repara tion  o f  titanium -tin. .a lloys , a p r e ­
lim in a ry  in vestiga tion  was ca rr ie d  out using 5 lbs., o f 
I. C . l .  sod iu m -redu ced  titanium p o w d er , and fine tin  
powder* The titanium was s ieved  from -n o rm a l production 
m a te r ia l to  pass a 100 s ie v e ,  and it  wad stated to
contain 0 . 1 % oxygen  and 0.03%  n itrogen ; a rc -m e lted  . 
m a te r ia l m ade from  this pow der would have a hardness 
o f  about 165 V . P . M. The tin pow der was less  than .
. 2/5Q. B; S. g .  in  s iz e  and it  contained approx im ate ly  99* 75%  
tin , • •
F iv e  com positions w ere  se lec ted  fo r  study. These 
w e re  w ithin the range 0-15% tm 'and the e lem en ta l powders . 
fo r  each com position  w e re  m ixed  in quantities o f 7 + 1 0 0  
grans; the bottles hold ing these |fewder.s w e re  attached to 
a m ix e r  Which rota ted  at 15 revs ./ rn in , on a h o rizon ta l 
ax is fo r  not less  than 16 hours, ,30 'gra ia  o f powder w ere , 
used, fo r  each o f the f ir s t  few  com pacts , which w e re  p ressed  
in  the s m a lle r  d ie a ssem b ly ; p ressu re  was applied on ly in  
one d ire c t io n , i . e . ,  the rubber pad was not p laced beneath 
the d ie conta iner. A lthough the p ressed  com pacts seem ed
• sa tis factory ,/  after* s in terin g  they showed'a d istin ct ta p e r ,
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ind icating that the presour.e d istribu tion  had'been-uneven.
The amount o f pow der uoed fo r  each com pact was th ere fo re  
reduced to 15 g r in s , and sa t is fa c to ry  com pacts w ere  
obtained. A  lit t le  benzene was added to the die w a lls  and 
to the pow der b e fo re  com paction , to preven t segrega tion .
. -The. specim ens w ere  s in tered  in sets o f f iv e ,  each . - , /
set con sis ting o f b inary  a l lo y s . containing 2.5., 5, 10 o r  ‘ • frfr
15 wt.,% tin , together, w ith  a titanium  com pact added fo r  
com parison-'purposes. It was b e lieved  that th ere  was -fr
n o .s ign ifican t tem pera tu re  va r ia tion  in  the fu rnace tube 
o v e r  the. length which the specim ens occupied. . The 
heating-rate du ring-s in tering  in the sm a lle r  fu rnace (in  
which a lT th e  specim ens, w e re  s in te red ) was ..adjusted so 
■that gas evolution did not r a is e  the p ressu re  unduly. A t
the s in tering tem perature,.-the p ressu re  was g en e ra lly
- ’4  • - ‘ . ’ - - • - -
less  than 10 - mm o f  m ercu ry .
"  The d en s it ie s ,o f the com pacts v re re m ea su re d  b e fo re  
and a fte r  s in te r in g . The densities o f com pacts m ade up at 
p ressu res -ran g in g  from  10 tono/infr-to .50 tons/in " a re  '"shown' - fr
in  Tab le  5. ' The resu lts  fo r  com pacts p ressed  at 40 tons/in^
'a re 'th e  .average o f a num ber o f sets .-(since specim ens for- :=. • •_ fr
q in term g had m a in ly  been p repared  at th is p re ssu re ) but 
on ly  one- set was p ressed  at each o f the other p ressu res . V.
- 9 0  . . > ;
A l l  th e  v o lu m e s  w e r e  c a lc u la t e d  f r o m  th e  d im e n s io n s  o f th e
91
spec im ens, which w ere  sm ooth and w e re  .su ffic ien tly  : 
strong to be handled w ith  ease . The resu lts-show ed 
a g en e ra l tendency to reach  a m aximum  density  ofCT.9 0%
o f the th eo re tica l density-.at. high pressure's (40 tons/in^
/  2  *■’ { , ox- 50 tons/in ); p o ro s ity  a lso  tended to d ec rea se  as the
amount o f 't in  in  the. a llo y  increased ..' P re s s u re s  in
■ ?  :•
-excess-o f .about 40 tons/in . a re  thus probab ly  'unnecessary
in p ra c t ic e 9':&nd would be undesirab le because o f enhanced 
die w ea r. The g e n e ra lly  lo w e r , p o ro s it ie s  o f the high-tin - 
: ' a . compacts. suggerAs that tin  im p roves  the p ress in g  p ro - .
p e r  ties of-titanium  "powder*
A  p ressu re  o f 40 tons/in^ was chosen as a .su itab le 
com pacting p re s s nve and a num ber o f sets, o f  specim ens 
p repared  at this p re ssu re  w e re  s in tered ; the densities  o f 
a s e v e ra l o f  these sets a re  g iven  in  T ab le  6 . Som e o f the 
: high tin  com pacts shov/ed;areas o f .Sm all dark spots on 
th e ir  su rface a fter, s in tering* . ‘
The,xtesuits in T ab le  6 show that in c rease  o f tem ­
pera tu re  is  m o re  e ffic ien t than in c rea se  o f tim e of. 
s in terin g  in .elirnm ating porosity,!, a The m axim um  density  
\ Obtained seem ed to be about 96% o f  the th eo re tica l; < this 
. corresponds, to .4% poi’o s iiy . .... •/ -.
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A n a lys is  o f  a 'num ber o f powder'nuxfcur go' and o f 
d r illin g s  taken from  pressed- com pacts was. c a r r ie d  out 
; by the C h em is try  Section  .of the . T m  R esea rch  Inotitute. 
Sam ples w e re  d isso lved  in dilu te hydrofluofoorie aiid 
h yd roch lo r ic  acids and then reduced w ith a n ic k e l co il. : 
The d iva len t tin w as titra ted  w ith  potassium  iodate 
•solution.. The. method is! su itab le.for. tin contents ; 
between 0.25 and 2 0 % ^  .. The resu lts  showed la rge  
deviations from -th e n om in a l com position  (from  which 
the th eo re tica l density  va lues had been ca lcu la ted ); the 
deviation  seem ed to p e rs is t  in. the. com pacted specim ens,.
. and an a llo y  n om ina lly  containing 15% tin ,. could contain 
as much as 17% o r  as l it t le  as 13%. Such seg rega tion ,
' although' c le a r ly  im p o rta n t,. was/not e a s ily  -detected by 
density  m easu rem en ts s ince it  a ffec ted  the la tte r  on ly 
slightly.. It seem s im probab le  that segrega tion  could be 
-prevented in  the.bottles o f pow der, ce rta in ly  i f  no additions 
a re  m ade to the o r ig in a l powder;/-it was th e re fo re  decided 
that,' fo r ’ the m ain in vestiga tion , the powders fo r  each' 
com pact should be m ixed  ind iv idu a lly . I f  this is done, 
.ca re  m ust only? then' be .'used to  p reven t segrega tion  ■ 
o ccu rr in g  in the d ie . 1 •
The low  p o ro s it ie s  obtained from  the sin tered  
specim ens in this in vestiga tion  w e re  encouraging and, 
the resu lts  w e re  considered  to  ju s t ify  a m o re  ex ten sive  
in vestiga tion  o f the pow der m eta llu rgy  o f titanium - tin 
and titan ium -tm -alum in ium  alloys.-.
7. I N V E S T I G A T I O N  O F  T H E  P O W D E R  M E T A L L U R G Y
' OF T IT A N IU M "T IN  A L L O Y S .
7 .1 . In trodu cif on , ■•
The pow ders used in the in vestiga tion  w ere  s im ila r  to 
those in  the p re lim in a ry  in vestiga tion . C om m erc ia l sod ium -
-reduced titanium -was obtained fro m  I ,  C . L  L td . Th is had 
been s ieved  fro m  production m ateria,! to pass a 1 0 0 -m esh  s ie v e , 
A  typ ica l ana lys is  was found to be
£ 1 0 0  m esh .. . 0,91%
v ; ‘ - * 7  IQOCT 2 4 0 m esh . • 72.15%
240 “  350 m esh  '7  \ 11,69%
; ' ; <* 350 m esh / •. 15.25%
%The com position  .was w ith in  tho n o rm a l production .
sp ec ifica tion  -  v is .  , 0.02%: carbon,: O'. 01% sodium , 0. 01% v;-
ch lorin e and 0.04%  iro n . The hydrogen content had been 
determ ined as 0 ,01 % . Th is m a te r ia l would g iv e ,  on a r c -  
m elting,."a  hardness o f 1/45 V P N . "•
The la tt ice  pa ram eter o f the titanium  powder was 
determ ined  by X - ra y  d iffra c tio n  using f i lte r e d  copper 
rad ia tion . T h e• p a ra m e te rs • o f lin es w ith:the fo llow in g  ind ices
213.1 3030
■ . 1124 ' 123.3.1'
2132 . 3032
ibis -
The a ccu ra te .p a ram eter was obtained by ex trapo la tion  to
0= 90 °{ the method is  d escrib ed  in Appendix X* The valued
obtained w e re : ' . ..
■ . . a = 2.9508 A  "  ■ .
c = 4.6823 A  .
c / a .* ’ U587/' - ' "•
The ,tin pow der a il.passed  through a .250-mes.h s ieve  and
gave the fo llow in g  an a lys is : ’
Copper 0*02%
./ A rsen ic  0.02%
, • ' ' Lead .. . 0.02%
. Bismuth 0.004%
N ick e l . 0.002%' ■
. Iron  0. 01 %
Antim ony : 0.005% - . v.
. Oxygen • 0.1 %
In v iew  o f the segrega tion  which occu rred  when the
pow ders w ere  m ixed in la rg e  quantities, the pow ders fo r
each specim en w ere  m ixed separately^ the amount requ ired
fo r  each com pact was p laced in. a bottle and thorough ly m ixed
w e r e  d e t e r m in e d ;
by hand. That this method was sa tis fa c to ry  was 
dem onstrated by the rep rod u c ib ility  o f resu lts  subsequently 
obtained 'fro m 'ten s ile  specim ens 4, • \
Fox/com pacts fo r  density  m easurernents, 15 gm s. o f 
powder* of. the d es ired  com position , w e re  used j 
rectangu lar specim ens fo r  m eckan ica l tests  w ere  made up 
fro m  25 gm s.; o f pow der. C are fu l pouring o f the powder 
into the die preven ted  any v is ib le  segregation* The powder 
gave a com p ress ion  ra tio  o f approx im ately  3:1 fo r  th© 
range o f p ressu res .u sed . Since die w ea r was n eg lig ib le  
no lubricant was used in  e ith er die assem b ly .. The sm a ll 
d ie was used w ith the .rubber pad beneath i t ,  so that die wall, 
fr ic t io n  was redu ced j the springs on the la r g e r  die served  
tile, same purpose, * • .
.A llo ys  containing 2 . 5., 5, 10  and 15 w eigh t percen t 
tin w ere  studied^ a com pact o f unalloyed titanium  was added 
to each set fo r  com parison  purposes.
In v iew  o f the sc a rc ity  o f data on the p ress in g  and 
s in tering ch a ra c te r is t ics  o f titan ium -tin  a llo y s , it  was 
decided to 'in ves tiga te  fu lly  the e ffe c t  on the density  o f 
com pacts o f va r ia tion  in the p repara tion  conditions; these 
a re  shown in Tab le 7.
The den sities  o f the specim ens w ere m easured both . 
be fore and a fte r  s in te rin g . The p ressed  specim ens w ere  
sin tered  on end,, in sets o f  f i v e , in ■ ,,.V itre o s il,J boats which 
W e re  placed at the cen tre o f the fu rnace; the o v e ra ll 
; length o f each set o f com pacts was only about 3 inches and 
the tem peratu re was u n iform  o v e r  this length. F o r  
sin tering tim es  o f 8 hours o r . le s s ,  the sm a lle r  fu rnace 
.was used, but fo r  s in terin g  tim es o f 12 ** 24 hours it  was . 
n ecessa ry  to use the la r g e r  fu rn ace , since it  had autom atic 
tem pera tu re con tro l. The p re s s u re , in g en e ra l, f e l l  to 
m m , o f m ercu ry  b e fore  heating was begun, but this 
tended to r is e  s ligh tly  during the ea r ly .s ta ge s  o f s in te rin g , 
due to the evolu tion  o f gas at the lo w e r  tem peratu res. The
7 , 2 .  T h e  D e n s it ie s  o f C o m p a c t s ,  .
p ressu re  fe l l  again  usually  t o m m .  at the s in tering 
tem p era tu re . ' ' ‘ : Y A \
The den sities  o f com pacts p ressed  .at p ressu res  
between 10 tons/sq.in , and 6 0  tons/sq.in , a re  g iven  in 
Tab le  8 and the re  suits, a re  graphed, in F igu re  25.. The 
specim ens had sm ooth fa ces  and w ere  su ffic ien tly  strong to 
be handled e a s ily ,  even  a fte r  com paction  at the low est 
pressures.-. .Only the a vera ge  densities  o f a ll the sets 
p ressed  at each p ressu re  a re  g iven  in Tab le 8 (although the 
ind ividual d en sities  a re  shown in subsequent T a b le s ), but 
the devia tion  fro m  the a vera ge  was usually sm a ll.
A lthough the pow ders w ere/w eighed out to ‘15 g m s , the 
w eigh t o f the com pact was often  s ligh tly  le s s  than this due 
to s ligh t lo ss  in f i l l in g  the die^ this is  unim portant unless 
m arked segrega tion  o f the pow der takes-'place. . • ;
The resu lts  in Tab le  8 and F igu re  25 show that the 
density  o f the com pact in creased  w ith in creas in g  p re ssu re , 
but the rate o f in c rea se  fe l l  o f f  as h igher p ressu re  were, 
used. Thus, an in crem en t o f p ressu re  o f 10 tons/sq.m , 
at the low es t p re ssu res  in vestiga ted  in creased  the
p e rcen t 'th eo re t ica l density  foyA?13%* but in c reas in g  the 
p ressu re  fro m  50 ions/sq, in . to 60 tons/sq.m . in creased  
this value by on ly 1 2 % , The d en s ity , in fa c t , tended
to a l im it  and p res  sure® in  excess  o f 40 »  50 tons/sq, in* 
caused lit t le  additional .decrease in p o ro s ity , ' F ro m  the 
resu lts  it is  c le a r  that the addition o f tin  in c rea ses  the 
percentage., of-the th eo re tic a l density .
That the com pacting pre spur © .affects the u ltim ate, 
density  is  ev iden t fro m -F ig u re  26, .which shows the . . ■ 
den sities  o f specim ens sin tered  under the sam e 
conditions (1300°C  for. t h ou r )'a fte r  com paction  at 
variou s p re ssu res . -
The resu lts  o f density  m easur e mento made on 
sin tered  specim ens are  g iven  in Tab les  9 ~ 37. Because 
o f ‘the. many va r ia b les  no attem pt lias been made to show 
a ll these resu lts  on a s e r ie s  o f graphs. The specim ens 
gave no evidence, o f,tap erin g  and> in g e n e ra l, had a 
sm ooth and brigh t appearance.) a fe w , notably those o f . 
high tin conten t. com pacted at. high pr e a sure o w e r  e '. 
spotted on the su rface and volum e m easurem ents w ere
d ifficu lt . The cause o f th is spotting, which seem ed  to. 
be unconnected w ith  ox idation , is  d iscussed la te r*
The resu lts  obtained on sin terin g  specim ens 
p rev iou s ly  com pacted at 1 0  fons/sq .in . a re shown in 
Tab les  9 12. The maximum density  which could be
reached,, even  a fte r  s in terin g  at 1300°C, va r ied  fro m  
about 81% o f the th eo re tica l fo r  unalloyed titanium  to 
92% fo r  the 15% tin  a llo y . T em pera tu re  o f  s in terin g  
was im portan t in  ach iev ing low  p o ro s it ie s , but tim e o f 
s in terin g  a lso  had a fa ir ly  m arked e ffe c t . The tendency 
fo r  com pacts containing r e la t iv e ly  la rg e  amounts o f tin 
to have low er p o ro s it ie s  had p ers is ted  throughout the 
s in terin g  o f a ll  these com pacts . None o f the den sities  
was high enough to g ive  com pacts w ith sa tis fa c to ry  
p rop ert ies  w ithout fu rth er trea tm en t. ,
S in tering o f com pacts p ressed  at 2 Q tons/sq.m . 
led  to the resu lts  sh ow n in  Tab les 13 «  1?^ the. resu lts  
a re  s im ila r  to those obtained fro m  opecintens p ressed  at 
.10 tons/sq.in , but the h ighest densities  which could be 
obtained (ay s in terin g  at 1300^0 fo r  8 hours) la y  between 
90% fo r  unalloyed titanium  and 95% fo r  the alloy, w ith
15% tm . ; The p o ro s ity  w a s h o w e v e r ,  s t i l l  too high to 
lie sa tis fa c to ry  and rep ress in g , and re  s in tering: - 7 ' ( 
'treatm ents would ..ba n e c e s sa ry . The in fluence o f 
s in terin g  tem pera tu re  oh e lim inating  p o ro s ity  was m ark ed , . 
but tim e o f . sxntering seem ed o f r e la t iv e ly  m inor 
im p ortan ce . 1 7 Slight- irregu la r itie s/b egan  to appear in the 
resu lts  j, t h u s t h e  .densities pi com pacts s in tered  at 1 1 0 0 °G;' 
w ere  s ligh tly  le s s  than those s in tered  at I  OOP * C . Th is 
type o f ir r e g u la r ity  becam e m ore m ark ed  as the . 
com pacting p ressu re  o f (the .specimens, was in c reased . ( •
»; ! Tab les  1-8 -  22 g iv e  the den sities  a fte r  s in terin g  o f 7 .
com pacts p ressed  at 30 tons/sq. in . M axim um  densities  
o f  94 .7 96% of. the th e o re t ic a l density w e r e .obtained under 
the m ost favou rab le  . s in ie r in g  conditions^ but the pre sence o f 
even  15% tin  in  the a llo y  in creased  the th eo re tic a l density  . 
by on ly about 5% . The .resu lts w e re  again ir r e g u la r  ,, go 
that s im p le  tendencies cannot be ob served . A lthough 
tem pera tu re  reta in ed  i t s • im portance .in determining- the 
fin a l p o ro s ity y  h igher tem pera tu res g iv in g  low er  p o ro s it ie s , 
optim um  resu lts, seem ed to be obtained when the tim e o f
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sin terin g  did not exceed  4 hours.- The lo w e r  densities  
obtained a fte r ' s in terin g  fo r  lon ger periods a re  m entioned 
la te r . Spotting o f the su rface began to becom e m arked fo r  
high tin  specim ens sin tered  at the;higher.' tem p era tu res .
S in tering o f specim ens com pacted at 40 ton s/sq .m , 
led to m axim um  den sities  o f -cJ) 9 8 % o f the th eo re tic a l 
without any sys tem atic  va r ia t ion  o f p o ros ity .w ith  tin  
content, .(Tab les 23 ~ 27 ). ’ The . density re  sults we re  '
.m ore  ir r e g u la r  than those o f  specim ens com pacted at 
low er p re ssu res .. The p o ro s ity  was su ffic ien tly  low to 
e lim in a te  the neces s ity  fo r  much rep re  ssing o r  re  s in tering  
o f the sp ec im en s. D ark spots*could be observed  on ' ' ,
ce rta in  specim ens even  a fte r  s in tering  at tem pera tu res  .
[as low  as 900‘®C. •; ' •' :
Com pacts p ressed  at 50 toris/sq.in , g a v e , in 
g e n e ra l, the h ighest den s ities  o f a l l  a fte r  s in tering  at' h igh : 
tem pera tu res#  the resu lts  fro m  these specim ens a re
' • r / • . ( } i ' ■ »
shown in Tab les  28 -» 32... P o ro s it ie s  ae low  as 1% w ere  
obtained and th is is  v e r y  sa tis fa c to ry . H o w eve r  r the 
tendency tow ards spatting had becom e very ' m arked and 
th is,would be a. d isadvantage in co m m erc ia l p ractice ,.
The density  va lues o f s in tered  specim ens p ressed  
at 6 0 tons /eq, in . • a r e . oho\vn in Tab le  s 3 3 ~ 3 7 . A  s 
tem pera tu re  and tim e o f  s in tering  w ere  in creased  there  
was lit t le  sys tem atic  va r ia t ion  in p o ro s ity , although some 
o f the specim ens had v e ry  high d en s it ies . Spotting could 
occu r w ith tin  contents as low  as 5% . A lthough the 
d en s ity , at best,..w a s  sa t is fa c to ry , it  was d ifficu lt  to 
obtain rep rodu cib le  x-esuits co. that.the use o f com pacting 
p ressu res  o f 60 tons/sq.m , would be unattractive in . . 
p r a c t i c e ' • . -
F ro m  these re  su its , ce rta in  genex*al tendencies 
becom e apparent, . Compacts, which have an even  
p ressu re  d istribu tion  can ea s ily  be obta ined , and there is  
lit t le  d ie -w ear during com pacting. The p resen ce :o f tin 
has a b en efic ia l e f fe c t  (as m easured by the p o ros ity  
va lu e ) 'upon the -pressing--, and, g e n e ra lly , upon the : 
sinte r  ihgfrchar ac t e r i  sixee o f titan ium , ' .. v
The e f fe c t  o fT em p era tu re  o f s in tering is  ev iden t 
fro m  F igu res  21 •« 31, which. show the densities  o f sets 
o f sp ec im en s, p ressed  a t -.10, 20 , 30, 40 o r 50 tohs/sq.in . , 
•and sin tered  fo r  I hour at d iffe ren t tem p era tu res ; In
th© la tte r  two graph s, only th© resu lts  fo r  com pacts 
containing' 5% tin o r  le s s  are shown. The densities o f 
those specim ens w ith .1 0 % o r  15% tin a lso in creased  
upon s in tering but it  was d ifficu lt to compute an 
acevirate " th eo re t ica l d en s ity " fo r  these com positions due 
to p re fe ren tia l evaporation  o f tin£ this is  d iscussed in 
Section 7 ,6 . '
A lthough a w id e 1 range o f com pacting p ressu res  and 
s in tering  tem pera tu res and tim es was in vestiga ted , it  
was. not envisaged  that a ll o f these would g ive  in form ation  
o f p ra c tica l va lu e. Rather was it  hoped to p ick  from  the 
data the set .of conditions which would g ive  specim ens, w ith 
optimum clensitie s , Conside ration  o f the re  suits shows 
that there a re  actua lly  a number o f treatm ents which g ive  
roughly “equ iva len t p ro p e r t ie s . Com paction at 
40 tons/sq.m , fo llow ed  by sin tering at 130O°C fo r  4 
hours* fo r  exam ple/ can be expected to lead to 
sa tis fa c to ry  com pacts^ . a fte r  p re s s in g , the specim ens 
have^l 1 0 % p o r o s it y A ^ T h is  is reduced a fte r  sin tering to
Few  d ifficu lt ie s  w ere  encountered during 
sin tering* T h ere  was lit t le  evolu tion  of. gas during , 
heating, and in  on ly a few  cases /was there ev idence that 
tin  had run out o f the com pacts to  c o lle c t  in em a il
g lob u les . I f  the p ressu re  at high tem pera tu res  w as :
— 3 '  * . ‘ ■
kept to f^ lO  mm* o f m ercu ry  th ere  w aa  no v is ib le  sign
o f oxidation  o f the specim ens^ since the pressux^e
obtained in  the -s in tering 'fu rnaces .was u su a lly -much b e low '
this f ig u r e , no d ifficu lty  w as caused, by-oxidation .
An optim um  com pacting p ressu re  obviously, e x is ts , 
and this was probab ly  CTLG tons/hq* in , Com pacts p ressed  
at low  p ressu res  reta ined  a substantial amount ox 
■porosity which subsequent s in terin g  could not e lim in a te *  
i t  was how ever in te res tin g  that fo r  specim ens p ressed  at 
low p re s s u re s , low  p o ro s ity  in the fin ished specim en  
depended upon a high tem perature.and  long tim e o f 
sintering.,- but th is s im p le re la tion sh ip  broke down when 
com pacts p repared  at pressures-h igher- t h a n 30 tons/sq.m  
'w e r e ‘used-, although in -gen era l low  p o ro s it ie s  w ere  
assoc ia ted  w ith  h igh -tem peratu res*
. fr Com pacting p ressu res  o f*50 tons/aq.in* and , • fr •:
60 toils/sq. ixfr in c rea sed  the p robab ility  o f the specim en 
fo rm in g  dark spots during sin tering* and a lso  tended to 
g ive  va r iab le  density  resu lts  a fte r  s in te r in g , . 
p resu m ably due to the expansion*: during heating* o f 
gasAes,,trapped in the pores  o f the com pact,
V/hen the. re s ea rch  was planned., it  was intended 
that specim ens p ressed  at the 'h igh er p res sures should . 
be s in tered  fo r  12 hours at 1200°G o r  1300®C in the 
lax^ger fu rnace , but when attempts, v/ere made to c a r ry  . 
th is out, evaporation  of--the. specimens.', appeared to have 
taken 'p lace . Th is is  d iscussed in Section, 7,6 but the 
attem pt to .c a r ry  out s in terin g  treatm ents was abandoned. 
The g en e ra l tendency noted throughout the resu lts fo r  
specim ens sin tered  fo r  long periods to have r e la t iv e ly  
ixgh p o ro s ity  m ay a lso  be due to evaporation .
- \ Specim ens fo r  the dote r m ination , o f m echan ica l 
p rop erties  w ere  p repared  in  the la rg e r  die so that rectangu lar 
blocks 2 .5  in , x  0*4 in . w e r e  obtained. F ro m  each o f these 
one ten s ile  spec im en  was machined a fte r  s in te rin g , \ In an , 
e f fo r t  to obtain optim um  p ress in g  and s in terin g  conditions 
it  was decided* in v iew  o f the re  suits a lread y  obtained* to 
p ress  m ost o f the sets at 40 tons/dq*in. , although sets w ere  
a lso  com pacted at-30 tons/sq>.in..- ■ ••! ' . .  • .• •-
In Tab le  30 typ ica l density  resu lts  .for the com pacts 
a re  shown* These a re  s im ila r  to!those obtained fro m  the 
sm a lle r  com pacts and they need not be d iscussed in  deta il* ■ 
The as^px'essed .density o f the rectangu lar bars was ra th er . 
low er than that o f the sm a lle r  com pacts* but this Ys ligh t 
d iffe ren ce  d isappeared  a fte r  s in te rin g . The dark  spots 
, whlch som e tim e & appcare d during pint©ring w ere  .eas ily  
m achined o ff s ince they a ftected  only the surface,;
The ten s ile  resu lts  and hardness m easurem ents 
c a rr ied  out on specim ens machined fro m  these bars gave 
the resu lts  shown in Tab le 39# the ten s ile  strength  o f
7 . 3 Me  c h a h ic  a l  P r o p e  r t ie  s  * '
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&i typ ica l.s e ts  o f • a lloyo  io  graphed in F igu re  32* The 
specim ens did not seem , to he e sp ec ia lly  b r ittle  and few  
broke outside the gauge length . Tw o conclusions a re  
im m ed ia te ly  apparent fro m  the ten s ile  strength  resu lts . 
Th ere  was litt le , sca tter o f resu lts  fo r  any sp ec ific  * 
com position  desp ite the va ria tion  in p ress in g  and 
s in tering treatm en ts , and the /small s ise  o f the specim ens 
used fo r  the tests  j  and, w ithout exception ,-'the strength  
in creased ,, in ea ch  s e t ,  as the amount o f the tin  was 
in creased * The elongation  and reduction  in  a rea  values 
w ere  g en e ra lly  quite h igh , even  w ith  the a lloys  containing 
la rge  amounts o f t in , and this g ives  p rom ise  o f . 
su ffic ien t du ctility  fo r  n orm a l use*
Two. sets o f specim ens w ere  p ressed  and 
sin tered  and then rep ressed  and re  sin tered* T h e ir  
m echan ica l p rop erties  (Tab le  40 and F igu re  32 ).d iffe red  
lit t le  fro m  the others* The on ly set o f specim ens which 
seem ed to have strengths consisten tly  h igher than the other 
was one p ressed  at 40 ton s/ sq+ n *, s in tered  at 1300°G fo r
Th is trea tm en t was not intended but resu lted  when the 
ro ta ry  pump cut o f f  a fte r  hours .at the s in tering 
te m p e ra tu re ,, The pump was o f f  fo r  about 10 minutes 
b e fore  the specim ens w ere  rem oved  fro m  the furnace and 
quenched in w ater* The su rf aces, o f the bars showed 
contam ination* but the machine specim ens appeared to 
be sa tis fa c to ry . The incx’ease^in strength  and hardness 
o f the quenched specim ens .w ere not* - how ever ■/ 
su ffic ien tly  la rg e  to  be sign ificant*
The -marked hardening which additions o f tin 
cause to titan ium  is-seen  fro m  the hardness resu lts#  the 
presen t o f 15% tin* fo r  exam ple* in creased  the hardness 
o f the a llo y  to m ore  than l|- tim es that o f .unalloyed 
titanium* The low hardness o f a number o f unalloyed 
com pacts is  f h o w e v e r in te r e s t in g ,  and was be lieved  to be 
due to .residual poros ity*
In o rd e r  to te s t fo r  hoxnogeneaty;, specim ens w ere  
a lso  made up fro m  a s im ila r  batch o f e lem en ta l pow ders
3 1* h o u r s  an d  th e n  q u e n c h e d  in  c o ld  w a t e r  ( T a b le  4 1 ) ,
by th© sam e m ethod, and tw o ,test p ieces  w ere  machined 
fro m  each bar. The m echan ica l p rop erties  o f each pa ir 
■were in good agreem en t and th is led to the conclusion that 
uniform-'mi?ring o f the pow ders had taken p la ce .
7 * 4. M ic ro  ^ exam ination.
Specim ens cut fro m  the cen tre o f a. num ber o f 
s in tered  com pacts w ere  poHsed e le c t r o ly t ic a liy ,  using 
a vo ltage  o f  ^ 3 0  v. in the c e l l .  A  solution o f 2% HF in ' 
oxa lic  a c id , o r  o f  2% H F and;2 % H^02 (100 v o l . ) in water., 
was used fo r  etch ing. Specim ens fro m  both the 
p re lim in a ry  and the main in vestiga tion  w ere  exam ined , 
but the d iffe ren ces  in the quality  o f the titanium  powder 
did. not a ffe c t  the m ic ro  structure s. -
A m ic r o g ra p h  o f unalloyed titanium  is  shown in 
.F igu re 33 J the specim en was com pacted at 40 tons/sq.in . 
and sin tered  at. 1100°C  fo r  4 hours. / The m easured 
density was 4, 8 % , which rep resen ts  'ra th er  m ore p o ros ity  
than is  obtained under optim um  preparation  conditions.
~ m  ■-
It  i s s h ow ever , noticeab le that the pores  have loo t th e ir  
o r ig in a l angular nature and have becom e rounded. An 
etched section  o f this specim en  ie  shown in F igu re  34.
A  photograph o f a 5% tin  a llo y , p ressed  at 40 tons/sq.in . . 
and sin tered  at 1300QC fo r  1 hour, is  shown in F igu re  35^ 
it  has a s im ila r  m ic ro  s tru c tu re . The sm a lle r  amount 
o f p o ro s ity  in this specim en  is  consistent .w ith the 
ca lcu lated p o ros ity  o f  1 .2 % . The structure o f both y  
these Specim ens consisted  o f single phase equiaxed 
c ry s ta ls  o f equ ilib rium  titanium  o r titan iu m -tin  solid 
solution. These a r is e  fro m  the slow rate o f cooling 
through the - a|§p transform ation^ a ll the furnace cooled  
specim ens exh ib ited  a s im ila r  -equiaxed structu re.
When the . com pacts w ere  , quenched fro m  the 
s in terin g  tem p e ra tu re , h ow ever/  an en tire ly  d iffe ren t 
structu re r e s u lte d ,; Exam ples, o f this a.re g iven  in . • .
F igu res  36;and '37, which show a 2 .5  and a 10% tin  alloy, 
re s p e c t iv e ly . Both w ere  p ressed  a t,40 fons/oq.in , and 
sin tered  a t -1300°C .fo r  3 j  hours b e fo re  being quenched in
w ater . T ran s fo rm ation  o f  the (3 phase has taken p la ce , 
not by. a p rocess  o f nucleation and grow th , but by a 
m arten  s it ic  m echan ism  and a typ ica lly  acicu lar-structure, 
re  sults . The d iffe ren ce  s.,iii structure which ax ise by 
d iffe ren ces  in coo ling ra te .a re  m ore fu lly  d iscussed in 
Section 9. . ' ; ‘ . . - :.
P o lish in g  p roved  easy and e ffic ie n t  when the 
specim ens contained only a sm a ll am ount o f po ros ity^
' w here s in terin g  had been incom plete and the. p o ro s ity  was 
high it  was v ir tu a lly  im p oss ib le  to obtain sa tis fa c to ry  
re su lts , since staining took p lace around t:he p o res .
Such an exam p le  is  shown in F igu re  38, which is  a 
m icrog rap h .o f the structure o f a titanium  com pact p ressed  
at 10  tqns/sq.iri. and sin tered  for. 1 hour at 1300°C .- . 
D en sifica tion  is. fa r  fro m  com plete and the calcu lated 
p o ros ity  was 22% . The m arked ly  angular shape o f the 
po res  is ev iden t and it  is  in terestin g  that there is  no sign 
.of fr e e  tin in the structu re ; Th is .accords w ith the resu lts  
obtained in experim en ts  on the w etting .of titanium  by m olten  
tin  (d escrib ed  in. Section  7. 7) which suggest that com plete 
reaction  o f titaniurn and tin  takes place .during the e a r ly
This/conclusion  w as* in c id en ta lly , con firm ed  in 
some .X -ra y  w ork  ca r r ie d  out on sin tered  com pacts * 
F ilin g s  w ere.taken  fro m  the cen tre o f these com pacts and 
the y we r  e exa m ine d > aft© r ' a .s tress re lie  ving anne a l at 
600 ®0 fo r  y  hour in vacuo v by powder d iffra c tion  using 
filte re d  cobalt rad ia tion . A s  was exp ec ted ) a lloys  
s in tered  to d en s ities  v e r y  c lo se  to.the th eo re tica l showed 
only lin es  due to one phase ,, the, solid  solution based on 
the. titanium  la ttic e *  w ith a s ligh t d isp lacem ent o f the 
lin es  com pared  w ith  those fp r  unalloyed titan ium . 
H ow eve r , filin g s  fro m  a 15% tin  a lloy/  w hich has been 
com pacted .at 2 0  tons/sq, in , and which had been sin tered , 
at 9 0 0 * 0 ' fo r  i  hour * a lso  (showed lin es due on ly to the 
U.’so l'id ,solution*. w ithout the p resen ce o f any fr e e  tin." 
Since this spec im en  contained 2 ! % p o ro s ity *  it  is. thus 
apparent that absorp tion  o f tin  in titanium  takes p lace 
be fore the p o res  aye substantially e lim in a ted .
s t a g e s  o f  s in t e r in g *  ’’ '
7 * 5.,..* "Spotting \ * o f Sinte red  Spe c im ens *
.The fo n n a tion  o f  dark  spots on the su rface o f 
ce rta in  com pacts during s in tering was in teres tin g  and an 
attem pt'w as made to determ ine, the cause o f the spots-*
The appearance, o f  a set o f specim ens which had undergone 
s e v e re  attack can be seen  fr o m  F igu re  39j on ly those 
containing r e la t iv e ly  la rg e  amounts o f tin  w ere  a ffec ted *.
" The cause o f the. spotting was not due to oxidations -
. y y The conditions which produced the attack cannot 
e a s ily  be gen era lis ed * It was confined to specim ens which 
had been com pacted at p ressu res  o f 30 tpns/sq*in* o r  
g rea te r* 'a n d  b ecam e 'm ore  se ve re  in s in tered  specimens.; 
the h igher the com pacting [p res  sure used*. F a ir ly  high tin 
contents w ere  requ ired  be fo re  attack becam e appreciab le  
so that* in  g e n e ra l, spots w ere  confined to the a lloys  
containing 10% o r  15% t in , although a 5% a llo y , p ressed  
.at 60 ton s/s q , in* , s herwed evidence o f attack during - 
sin tering* A  lo w er  lim itin g  tem peratu re o f s in tering  
seem ed to be a secondary fa c to r  in  the prom otion  o f this 
attack* and th is lim itin g  texnperature d ecreased  as the
com pacting p ressu re  in c reased , ’ T im e o f  s in tering  
had lit t le  o r  no e f fe c t  upon the fo rm ation  o f spots and 
rate  o f heating, s im ila r ly ,  did not in fluence th e ir  
fo rm ation * T h ere  was no evidence that tin had run out 
into the r e fra c to ry  boat o r  on to the fu rnace tube during 
the s in terin g  o f these spec im ens,
. . The spots occu rred  as dark iso la ted  patches
o f a pow dery  substance, which eoiiid  e a s ily  be scraped 
fro m  the com pact* The scraped pow ders from  .a 10% 
and a 15% com pact w ere  used fo r  X « r a y  ana lys is ; 
(powder photographs w ere  taken using cobalt K a  
rad iation* F ro m  m easu rem en t,o f the position  o f the 
lines on :the, photograph obtained fro m  the. deposit, fro m  
the 15% a llo y , the ndn va lues w ere  ca lcu lated  and th ese , 
together w ith the in ten s ities  o f the lin e s , a re  shown in 
Tab le  42* A  few  va lues corresponded  to those o f 
titanium  and these w ere  probab ly  due to the p resen ce o f 
the base m eta l in the powder*. The values showed , 
predom inantly* h ow eve r , the p resen ce o f t i t a n iu m in ’ 
■inter m eta llic  compound©, and, in ' p a rticu la r  ,Y TigSng
and T i 0Sn. T h ere  was no ev idence that fr e e  tin , o r  e ith er 
o f the ox ides* TiO^ o r .S n O ^  was p resen t. The deposit 
fro m  the 1 0 % a llo y  gave a s im ita r  d iffra c tion  photograph. 
In both cases the lin es w ere  fa in t but sharp. ’
The attack is probab ly due to the fa c t that m o lte n . 
tin  w ill  rea c t w ith titan ium  on ly above a tem peratu re o f 
about 530° C (see Section  7. 7 ). During com paction at 
high p ressu res  a ir  is  trapped in  the pores  o f the specim en  
and. this w il l  expand during the e a r ly  stages o f s in te rin g , 
and w il l  push tlie m olten  tin  ..towards the su r fa ce . i f  the 
tin reacts  w ith  the titanium  before it  reach es the su rface j 
a n orm a l com pact w ill  re s u lt ) i f ,  h ow ever , the tin 
reaches the su rface and lo c a lly  high concentrations build 
up, then in te r  m eta llic  compound o w i l l  fo rm  w ith resu lting  
spotting. The s im ila r ity  o f these exudations to those 
found on bronzes was apparent) this is  d iscussed in 
Section 7. 8 arid it  w as considered  not inappropriate to 
r e fe r  to the exudations as sw eating, by analogy w ith the 
b ron zes , although, ox co u rse , the fo rm ation  o f the .spots 
m ust be due to a d iffe ren t cause* • :
It was o r ig in a lly  intended that specim ens p ressed  at 
high p ressu res  should be s in tered  at IZOO^G o r  L3O0°C fa r  12 
hours in the la r g e r  fu rn ace. When sets w ere  s in tered  under 
these cond itions, h ow ever , the com pacts stuck togeth er to 
fo rm  a so lid  m ass and th e ir  su rfaces had a pitted appearance. 
Th is was accom panied by a th ick white deposit on the 
m ullite therm ocouple tube to .a distance o f about 6 inches • 
fro m  the hot sorie# a s im ila r ,  but th inner, la y e r  o f m a ter ia l 
had been deposited  on 'the wa.ll o f  the furnace tube. It was 
concluded that, considerab le  evaporation had occu rred  during 
sin tering* .
The deposit was scraped fro m  the therm ocouple 
sheath and was used fo r  X ^ray  d iffra c tion  using f i lte r e d  . 
coba lt rad ia tion . The lin es w e r e ,  in -gen era l, fa in t but they 
corresponded  to those o f titanium  o i’ titanium ~tin compounds. 
Thera was no ev idence o f fr e e  tin . .
A t  the tem pera tu re s used fo r  s in te r in g , tin has a 
m arked ly  h igher vapour p ressu re  than titan ium , so that t h e  < . 
titanium  -tin  a lloys  would not be expected to evax>orate as
o f T in  f r o m  th e  A l l o y s .
“ constant evaporation  ra te "  a llo y s . In ev itab ly , th e re fo re , the 
condensate w il l  be r ich e r  in tin  than the o r ig in a l m a te r ia l.
It is ,  how ever , d ifficu lt to c o rre la te  the actual evaporation  
rate o f these a lloys  w ith the vapour p ressu res  ,o£ the pure 
com ponents. The d ifficu lt ie s  inherent in such ca lcu lations 
a re  describ ed  in Appendix II .
It is  im portan t to notice that tho p re fe ren tia l 
evaporation  was e s sen tia lly  a su rface phenomenon, so that the 
ten s ile  tes t p ie c e s , which w ere  machined fro m  the cen tre of 
the b a rs , would be o f the nom inal com position , .
.7. 7. W etting o f T itanium  by M olten  T in .
E xperim en ts  w ere  ca r r ie d  out to determ ine the 
tem peratu re at which m olten  tin would begin to rea c t w ith 
titanium  during s in te rin g . It is  essen tia l that be fore this can 
happen the su rface ox ides on the titanium  must be rem oved , - 
During the heating o f titanium  in vacuum , the oxides are
rem oved  only by d iffusion  into the metal^ the tem peratu re at
7  * 1 0 1
which this happens has been stated by F ast ' to be 500 «  550°C
In the p resen t exp er im en ts , parts o f pressed, 
titanium  com pacts w ere  placed on a la y e r  o f pure ( 9 9 . 7 5 % ) 
tin in a “ V it r e o s i l "  boat and w ere  then heated to variou s : 
tem pera tu res  w ithin the .ranga 450 -•6 50 °C , usually fo r  3 hour 
in the vacuum sin tering fu rnace + By ob serv in g , a fte r  the 
specim en  had. been cooled  and rem oved  fro m  the fu rn ace, 
w hether any reaction  had taken p la ce , the onset o f “ w ettin g " 
by the m olten tin could be determ ined* It was found that the 
resu lts  w ere  very, sen s itive  to the degree  o f vacuum in the 
fu rn ace , and p ress  vires o f less  than 1 0 '^ m m , o f m ercu ry  had 
to be m aintained during:heating. Under a good vacuum , 
reaction  had not started  when heating was ca rr ied  out on ly to 
530°C , but evidence that i t  had begun was obtained i f  the boat 
was heated to a tem pera tu re  o f 540°G* Th is con firm s the 
resu lts  o f F a s t, fo r  reaction  would be expected  to occu r soon 
a fte r  the su rface oxide f i lm s  on the .titanium diffused into the 
• m eta l. .. . •’* ' ‘ • •* .
n r*-  .1 <r.« u  •**
The resu lts  o f this in vestiga tion  ind icate that the
•powder 'm eta llu rgy  technique can su ccessfu lly  be used.to
prepare  titanium and titan iu m -tin  a llo ys .
The titanium  pow der was m ore suitable than any
p rev iou s ly  a va ilab le  c o m m e rc ia l m a ter ia l because it  was
p u rer . Th e la tt ice  p a ram etero  w ere  in agreem en t with 
« C # r
published-values* so that there was lit t le  in te rs t it ia l 
contam ination . . •
A l l  the p ressed -com pacts .w ere  su ffic ien tly  strong 
to be handled w ith ease and it  was found that a coherent 
com pact could be obtained w ith a p ressu re  as low  as ’ .
0 .5  toris/sq.in . The p o ro s ity  d ecreased  rap id ly  \vith ' 
in creas in g  com paction  p r e s s u re , although the rate o f d ecrea se  
fe l l  o ff at h igher p re ssu res . Such a non-uniforrn change in 
density  is  com m on in powder, m eta llu rgy  p ractice  and it  o ften  
appears as a d is tin ct change, in the slope o f the density/pressure
graph . Th is behaviour has been ascribed  by S ee lig  and
10 2  • ' -• W u lff ^ to the c los in g  o f pores  during the e a r ly ,  rapid
den sifica tion ;s tage fo llow ed  by p lastic  de form ation  o f the powder
p a rtic le s  at h igher p ressu res * ; >  ' A-
7 , 8 .  D io  c u s s  io n  of  B e  s u i t e .  .. '
7 . 1  c> -t“* A f-j A
The p resen t re su lts , plotted in F igu re  25* exh ib it • 
no sharp change in  slope but fa l l  on smooth .curves, They can 
be exp ressed  fo r  any g iven  tin  content in the exponential fo rm  -
D ' = A e " B'P / . (7; 1).
w here D = . % th eo re tica l density
p • ft com pacting p ressu re
; A  ahd[B ;• -* a re  constants
The p o ro s ity , h o w ev e r , is  a lso  a ffected  by.the p resen ce o f
tin.; Th is is  apparent fro m  F igu re  40, in which the density
resu lts  have been rep ld ted  against tin content. . The
re la tionsh ip  is  l in e a r , fro that* for, a g iven  p res  sure -
D Yy a M; j* Nt . . . . # • . . . . . . . . , .  (7,2)
w here t - . .. .= . % tin  -
M  and INI Y  a re  [constants, • • : *■
The slope of.the line (N ) becom es sm a lle r  w ith  in c rease  o f
p ressu re . . T in  presum ably exerts  a. .b en e fic ia l.e ffec t upon
the com pacting p rop ert ies ' due’"to its  easy  d e fo rm a b ility . A t
low  p ressu res  th ere  w il l  be som e flow  o f tin in the po res
which a re  s t i l l  la rg e ly  in terconnected  w h erea s , at h igher
p re ssu res , th ere  is  lit t le  in terconnected p o ros ity  le f t ,  so that
the in f lu e n c e  o f t in  i s  l e s s  m a r k e d  £ h e n c e  the  g r a d ie n t  o f th e
l in e  b e c o m e s  l e s s .
The change in density  , due to va r ia tion  in  both 
pressu re, and tin. content, can be obtained by com bination of. 
equations (7 .I ) and ( 7 . thi s leads to the re la tion sh ip  7  ■■
~9-43
. : D, .ii ; 65 .6  +. 32v36e ::p = r7 ° .+ 0 . 2 7 . , . . . . . , .  (7. 3) 
w here D ~ % th eo re tica l density
/ R . 1 0 0 % -  % porosity-;'. ■ .'CT. . **':•
p com pacting p re ssu re , tons/sq*in*
. . t ... = w eigh t % tin
D en sities  ca lcu lated fro m  this equation have been ( 
added to Tab le 8  ^ the two sets o f values are in good agreem en t 
and r a r e ly  d iffe r  by m ore than 1%« The mean d iffe ren ce  in 
each resu lt is  0* 057%* The figu re  0*27 in equation (7 .3 ) 
corresponds to the grad ien t o f the line rep resen ted  in  (7 *2 ) and 
the value is  near the a rith m etic  mean o f the s lopes o f a l l  the 
lin es* Somewhat m ore  accurate resu lts can be obtained by 
in creas in g  the value o f the grad ien t fo r  .low p ressu res  and 
decreas in g  it  fo r  high p re ssu res . S ince, h ow ever, the 
resu lts  a re  a ffected  gi^atiy by p ressu re  but on ly s ligh tly  by 
tin  content, this was b e lieved  to  be unnecessary*
■ tf l'B'3 • -tf.
The p ra c t ica l s ign ifican ce o f th ese: density  resu lts  
io that p res  sure in  excess* o f  ^ ±.40 tons/sq.im  causes lit t le  
reduction  in p o ro s ity  and io  unattfractiyc. in v iew  o f the great© 
die w ea r that w il l  resu lt . /• • V-.
The m ost sa tis fa c to ry  sin tering ‘tem pera tu re  - was' 
1300°C (the h ighest tem pera tu re in ves tiga ted ). E ffic ien t 
s in te rin g  dependocl upon high tem pera tu res ra ther than long 
t im e o ) qsp e d a i ly  at high te rap era tu res , much o f the 
dens ifx c ati o n occu rred  during the f i r s t  hour and the bulk was 
com pleted w ith in  4 hours. Lon ger s in tering  tim es w ere  
b en e fic ia l on ly w ith sp ec im en s, com pacted at low p re ssu res , 
which contained much p o ro s ity .
The optim um  preparation  conditions consisted o f 
1 com p actin g , at 40 ton s/s q . in . fo llow ed  by vacuum, sin tering 
at 1300°C  fo r  up to 4 hours. S light deviation  fro m  these 
conditions was without s ign ifican t e ffe c t although,; in 
indu stria l p ra c t ic e , account would need to be taken o f the 
s ize  o f the specim en  in determ in ing the s in tering  t im e .
Using the optim um  con d ition s , m a ter ia l w ith  a p o ros ity  as 
low  as 1 «* ?%  could be obtained a fte r  a single p ress in g  and 
sin terin g  sequence, fr
7  1 2 4 'm
.'('■’ !-. The''optim um 'com pacting, p res  sure is'-set by two 
..opposing fa c to rs . It is  necessary, to avoid low  p ressu res *
... which lea ve  la rg e  amounts o f p o ros ity  which a re  .not . 
co m p le te ly , -or e v en su b s ta n tia lly , e lim inated  during the 
subsequent s in te rin g . A  very 'h igh  com p actin g ,p ressu re , 
h ow ever , causes apprec iab le  quantities o f a ir  to be trapped 
in pores which becom e sealed  fro m  the su rface , \ This a ir  
expands during the e a r l y  stages o f sin tering and causes an 
in crease  in porosity# the case o f titan ium , h ow ever , the 
trapped a ir  w ill, a lso  contam inate the m eta l at h igher 
tem peratures*. It w a s ;fo r  these reasons that a, p ressu re  o f 
(40 tons/sq,in/:w as p re fe r re d  in the presen t w ork .
The be.nefic.ial; e ffe c t  o f additions! o f (tin, on the 
com pacting p rop ert ies  was m aintained, in g en e ra l, in the ... 
s in tered spec im ens,, the u ltim ate p o ro s ity  being le s s  the 
..' h igher the tin content. An  apparent contrad iction  to .this 
statem ent was. found in specim ens prepared  to low p o ro s it ie s  
by s in terin g  at high tem p era tu res . v. These specim ens w e re , 
( h ow ever , ;:-cif£ected by evaporation , ,. Tu?. ha.s:a, vapour ., .
p r e s s u r e  g r e a t e r  th a n  th a t  o f t i t a n iu m  and  t h is  le a d s  to
p re fe ren tia l evaporation  o f tin fro m  the h igher tin a lloys  
s in tered  at high tem pera tu res* Since the exact amount and 
com position  o f ;the m a ter ia l lo s t could not. tie ea s ily  determ ined 
it  is  not possib le  to compute :an accurate "th eo re tica l density";,
7 7 -  ’ - . . <
although th© w eigh t lo es  w as  s m a ll, the calcu lated p o ro s it ie s , 
i f  a  "th eo re tica l d en s ity " correspond ing to the nom inal 
• com position  w as used* could be up to 2% h igh. . Th is is 
apparent in th e . Tab le 's , in  which the "th eo re tica l d en s ity " was 
based on the nom inal com position# it  was because o f 
u ncerta in ties in the "th eo re tica l density".that only the resu lts  
fo r  a lloys  containing up to 5% tin are plotted in F igu res  Z9 -.31 
The p re fe ren ce  fo r  r e la t iv e ly .s h o r t  sin tering tim es was a lso  
based upon the need to avoid  ex cess ive  evaporation . -
The exudations which Appeared oh the surface o f a 
few  o f the com pacts , o f high tin content, we re  in teres tin g  and 
i t  is  perhaps not inappropriate to think o f them  as som ewhat 
s im ila r  to the sweating which is  found, fo r  exam p le , on bronze 
T h e ir  o r ig in  m ust* o f co u rse , be d iffe ren t, since the la tte r  is  
an exam ple o f in ve rse  segrega tion  during so lid ifica tion  and 
; coo lin g . H ow ever , the ex istence o f the d r iv in g ,fo rc e  to 
cause; true sweating is  be lieved  to be due to four fo r c e s ,  v iz .  ,
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hydrosta tic  p r e s s u r e l ib e r a t e d  ga.sea , ca p illa ry  fo rc e s  and 
■the p ressu res  that a r fs e  fro m  so lid  - contraction^ in  titanium  **‘ 
tin  powder com pacts at lea s t t w o , .and .‘probab ly  the f i r s t  
th r e e *; a re  p resen t. Thus m olten tin in the in te r io r ' o f the 
com pacts,, during, the e a r ly  stages o f  s in tering* w ill he 
subjected to p ressu res  fro m  the expanding a ir  in the sea led -. 
pores*, and ca p illa ry  fo rc e s */ . Th is causes the rapid flow  to 
the su rface and the lo c a lly  high concentrations o f tin w h ich , / 
later*, g ive  r is e  to the. b r it t le , flak y  titanium ^tin comp#tfft&<, 
The fo rm ation  o f  these exudations would suggest that the 
low es t sa tis fa c to ry  com pacting p ressu re  should be used, to 
preven t the ex ces s iv e  entrapm ent o f a ir  in the spec im ens.
The s in tering  o f the titanium -tin  com pacts is  an 
.example o f liquid phase s in terin g  and fo llow s  the m ode l, used 
in th eo re tica l studies* which envisages an appreciab le , 
so lu b ility  o f so lid  in the m olten  phase, The p rocess  departs 
fro m  the m odel on ly because tin  becom es m olten at a 
tem peratu re much below that at which it  can w et titanium.. 
A cco rd in g  to F as t the su rface o f titanium becom es fr e e  
fro m  02d.de at 500 -  550°G but the resu lts  d esc r ib ed 'in
~ 1.27 -*
Section 7. 7 suggest that 53Q -. 540°C  is  a m ore accurate va lu e. 
The com plete lack  o f attack be low  this teim perature and the 
v e ry  rapid rea c tion  o f the m etals above it ,  how ever/  
em phasise the p rotection  a ffo rded  by the thin oxide f i lm  and the 
a v id ity  w ith  which clean  su rfaces reac t. T h is , o f co u rse , is  in 
accordance w ith  cu rren t th eo r ie s  o f adhesion and s in tering o f 
m e ta ls . '
The densities  o f a ll.th e p ressed  com pacts and the 
m a jo r ity  o f the s in tered  specim ens w ere  d eterm in ed , as a lread y  
d escrib ed * by m easuring the volum e fro m  ca lcu lations based on 
the d im ensions o f the spec im en ; This m ethod was suitable 
s in ce , in g en era l*  the com pacts w ere  o f regu la r g eo m e tr ica l 
shape, but some! specim ens (m ain ly  those showing ev idence o f ,; 
"sp o tt in g ") did not have smooth fa ces  and m ore  accurate 
m easurem ent o f the volum e was obtained by d isp lacem ent o f 
w a te r . It w as fea red  that w ater m ight en ter the pores o f the 
specim en  during im m ers io n , and thus lead to an erron eou s ly  
high density . H ow eyer , by coverin g  the su rface w ith  a .thin 
f i lm  o f petro leum  je l ly ,  w a ter was com p lete ly  excluded. W here 
specim ens have sm ooth fa ces  the two methods lead to s im ila r  
density  values/* •/• . .
y : Thd conclusions rega rd in g  optim um  com pacting and 
sin tering conditions drawn fro m  the density, m easurem ents a re  
in  agreem en t w ith  those reached in  the p re lim in a ry  
in vestiga tion  although the va lues in  the la t te r , both in the , 
pressed? and sin tered  state q , are: s ligh tly  low er  fo r  com parab le 
conditions. Tw o fa c to rs  probab ly  contribute to th is . F ir s t ly ,  
the p resen t batch o f m a te r ia l rep resen ts  a slightly: pu rer 
m a te r ia l than that p rev iou s ly  u sed , the a rc~ m elted h a rd n e  sso s 
be ing, r e s p e c t iv e ly , 145 and 165 V P N , and the softer* m a ter ia l 
would be expected to be s ligh tly  m ore am enable to powder 
m eta llu rgy . Second ly ,, howe v e r , and probab ly  o f m ore 
im portan ce , tw o rd ire c t ion a l p ressm g  was used in the 
preparation  o f the com pacts in  the presen t in ves tiga tion , 
w hereas und irectiona l p ress in g  was ca rr ied  out in the 
p re lim in a ry -w o rk * ; ( The benefit o f this is  w e ll known and has 
led  to the use o f double and m ultip le acting punches in industry 
to  ensure a “ floa ting  d ie "  action , w ith g rea tly  reduced die w a ll 
fr ic t io n  and the tran sm iss ion  o f a la rg e r  proportion  o f the 
applied p ressu re . . ■ : • ■
Since th ere  a re  no published data fo r  the powder 
m eta llu rgy  o f titan iu m -tin  a lloys  * it  is  poss ib le  on ly  to 
com pare the densities  o f titanium  in the p resen t in vestiga tion  
w ith  those obtained by w ork ers  who used m agnesium -reduced 
pow der. Th is la tte r  could be com pacted to a p o ro s ity  o f <*+ 15% 
using a p ressu re  o f 50 -  55 tons/sq.in , and^after s in terin g  at 
1200*0 fo r  16 h ou rs ” , there was s t i l l  5% res idu a l porosity#
these rep resen t the m ost sa tis fa c to ry  re s u lts , coa rse  powder
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g iv in g  m arked ly  low er  den sities  . The p resen t pow der . 1
g iv e s  d is tin ctly  lo w e r  p o ro s it ie s  a fte r  a single s in tering
trea tm en t, so that le s s  subsequent w orking would be
n ecessa ry . Th is would be an econom ic advantage and would
d ecrea se  the tendency to in te rs t it ia l contam ination. It m ay
thus be concluded that sod ium -reduced titanium  is  m ore
suitable hut w ith  m agnesium -reduced powder o f compara,ble
purity  (which is  apparen tly  now ava ilab le ) there seem s no
reason  to doubt that equally  high densities  can be obtained*
The p resen t optim um  resu lts  a r e ,  in fa c t , com parab le w ith  those
. •: ‘ • 55*56 "•. ' - ' '• ••
obtained by Ho bins et a l. using hydride pow der, which
pressed  badly but sintex^ed to a h igh .density ( 7^ 9 8 % ). The
better p ress in g  p ro p e rt ie s  o f the titanium  pow der* com pared 
w ith  the hydride pow d er, m ay, h ow ever, g ive  it  certa in  
advantages in fab rica tin g  in tr ica te  shapes, as w e l l  as 
avoid ing the n ecess ity  fo r  p reparin g  hydride,i .
. ■ T h e  m echan ica l p rop ert ies  o f a lloys  p repared  using/ 
conditions near to the optim um  seem ed lit t le  a ffected  by the 
exact conditions used. The ten s ile  tes ts  dem onstrated the 
prpnom iced strengthen ing e ffe c t  o f tin on titan ium , but even  
w ith the addition o f 15% tin , which in creased  the strength 
f r o m *2 26 tons/sq . in . to,d 43 tons/sq. in* * the tes t p ie cess till 
gave reasonab ly  high elongation  va lu es. It was p a rticu la r ly  
noticeab le that, desp ite the sm a ll s ize  o f the Hounsfield 
ten som eter p ie c e s , there was lit t le  sca tter o f resu lts  from  
se t to set and this behaviour would ind icate a reasonab le 
du ctility . *.*
The hardness va lues w ere  probab ly som ewhat low  and 
this is  b e lieved  to be clue to.the p resen ce o f p o ro s ity ) it  is  
fo r  exam p le ,: pax*ticularly noticeab le ' w ith the titanium  
specim en  p ressed  at 30 tons/sq*in# which contained the-.- •
g rea te s t  amount o f p o ro s ity . Such va ria tion s  in p o ro s ity  seem  
not to -a ffec t the ten s ile  p rop ert ies  noticeably# this is ra ther
su rpris in g  but it  is  in a greem en t w ith the contention o f
103 • ■ ' - ’ * ‘ - ,
Jaffee. that substitutional a so lid  solution titanium a llo y s ,
:unlike,titan ium  i t s e l f , a re  notch in sen s itiv e .
The ten s ile  [strength  o f the unalloyed titanium  was
con s id erab ly  lo w e r  than that found by previous w o rk e rs , and
this is  due to the so fte r  nature o f the starting pow der.
I ,  C . l .  Ltd* sp ec ifie s  an u ltim ate ten s ile  strength between 25 and
40 tons/sq.m . accor-ding to the g rad e#  the low  hardness o f the
p resen t powder p laces it  near the low er l im it  o f strength . It
has often been found that the strength  of.titan ium  fab rica ted
by powder m eta llu rgy  com pares w e ll w ith that o f m elted
m a te r ia l but that the du ctility  is  low# thus the sin tered  m a te r ia l
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used by Dean et al., had an elongation  o f 10% , w h ile Robins et
55 56
a l. * , w ork ing w ith hydride pow der, found a va lu e 'o f 13 % .
The presen t titanium  specim ens gave an elongation  o f 25% so 
that they a re  s ign ifican tly  m ore du ctile . These resu lts  
suggest that the m a te r ia l and experim en ta l p rocedure w ere  
- sa tis fa c to ry . ■" ■ ' : ' . •  ; •
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; The only published papers on the m echan ica l 
p rop erties , o f titanium**tin a lloys  a re  those by Suite 
Since he used m agnesiu m -redu ced  titanium  sponge and 
fab rica ted  his a llo ys  by a rc -m e lt in g ,, it  is  hard ly  p ro fitab le  to 
attem pt any deta iled  com parison  o f the resu lts  w ith  th e.p resen t 
ones. The strength  o f h is base .'.titanium f, fo r  exam p le , was 
som e 8 tons/sq.in i g r e a te r  than that obtained in the p resen t 
w o rk j but i t  ie  in te res tin g  that the in c rease  o f strength  fo r  
each percen t o f tin  added to the a llo y  ip  s im ila r  in. both ca se s .
The m icrog rap h s  a l l  showed, fo r . slow  coo led  sin tered  
sp ec im en s , a s im ila r  structu re which consisted  o f r e la t iv e ly  
sm a ll, equiaxed g ra in s , m arked ly  d iffe ren t fro m  that. / 
obtained w ith  a rc -m e lted  m a te r ia l. Even  when .large amounts , 
o f  p o ro s ity  rem ained  th ere  was no ev idence o f the p resen ce  o f 
unreacted t in ,.a  conclusion  supported by X rra y  resu lts .. •• . 
E le c tro ly t ic  po lish ing gave a v e ry  sen s itive  ind ication  o f the 
rem o v a l o f p o ro s ity . W here the p o ro s ity , as determ in ed  by 
density  m easu rem en ts , was lo w , the electx’ o ly tic  method was 
easy  and gave good re  suits | w hen, h ow ever , the specim en  
contained much p o ro s ity , po lish ing was e x trem e ly  d ifficu lt  
because o f staining around the pores.- f ’ •
;• It  is  '-rather in teresting- that .quenching, fro m  th© • . 
pint©ring tem pera tu re had lit t le  e ffe c t  upon the m echan ica l 
p rop erties  o f the a llo y s  hut profoundly a ffe c ted  the :
m xcrostru ctu re , s ince decom position  o f the p phase takes p la c e - 
m arten  s itic  a lly  to g ive  an ac icu la r a stru ctu re . This 
structure would be expected  to be associa ted  w ith a v e r y  much 
h igher strength , which* h ow ever, was not found. The 
: explanation lie s  probab ly in the -fact 'that a: titanium  a iloyoy  •' 
unlike those, o f the-A (d  ± p) grou p , a rp  not saturated in the p phase
; ■ •' ’ V- ' I  ’ ,
so that they a re  h o t m arked ly  hardened by quenching
The g en e ra l conclusion  to be drawn fro m  this/ . :.
in vestiga tion  is  that the ood ium -reduced titanium  powder used 
sin tered  e ffic ie n t ly , The rate o f s in tering w ao-'p robab ly  much 
in creased , by the c t ^ p  phase tr  an s fo rm ation , which in creases  
the m ob ility  o f the a tom s. The presence o f tin seem ed to 
enhance the s in terin g  ch a ra c te r is t ic s  s t i l l  fu rth er . The 
h ighest sin tering tem pera tu re  investigated  was 1 3 0 0 and .a 
fa s te r  rate would be expected, i f  this w ere  in c rea sed ), h ow ever, 
the. advantage would probably; be ou tw eighed, ; in the case o f the 
tin a llo y , by the much g re a te r  evaporation*
QF TXTA .NXUALUM INIUM - 1TN 
. 'ALLOYS;- • V' -AY
8 *1; In troduction, r ' ‘
The in vestiga tion  o f the'.binary titan ium -tin . alloys, 
(described , in Section 7) gave data which w i l l ,  it  is  b e lieved , 
be usefu l in the powder m eta llu rgy  o f titanium  in .gen era l.
The resu lts  w e r e ,  h ow eve r , d ire c t ly  app licab le to.the study 
o f the p reparation  o f te rn a ry  titanium  -a lum inium  *-*tin a llo y s , 
the. su b ject which in itia ted  the en tire  re s ea rch .
In form ulating, a program m e, o f w o rk , the 
com positions o f the two co m m erc ia l a lloys w ere  kept in 
mind.. In fa c t , h ow eve r , on ly the a lloy  containing 2 .5%  tin. 
and 5% alum inium is  currently, in  production. The m a te r ia l 
w ith  13% tin  axid 2 . 75% alum in ium , produced by I .-C .l.  L td . , 
was ■ recen tly  w ithdrawn*, despite i t s ' excellent- c reep  
. re s is ta n ce . . No rea so n w a s  g iven  fo r  this but it m ay foe 
presum ed that its  w ithdraw al was due to the in ab ility  to w o r k  
.the a llo y  s a t is fa c to r ily .. Th is em phasised the cu rren t b e lie f
in the indue try . that the tftjLloy.s containing* la rg e  amounts o f 
.'aluminium- and. tin  w ere  u n forgeab le due to inherent 
b r ittlen ess . : ;• ;/ .Tr- ‘ •’ . ’( : • -k
; ;■ The .aim  of. the p resen t re sea rch  was th e r e fo r e§\ not 
on ly , as is  usual, t o ‘produce by 'pow der, m eta llu rgy  m a te r ia l 
w ith  p rop erties  as good as those o f -wrought m a te r ia l, but 
a lso  to determ in e w hether;pow der m e ta llu rg ica l fab rica tion  
could su ccess fu lly  produce ce rta in  a lloys  which w ere  not . • 
am enable to  m elting  and! w ork ing techn iques, The a lloys
exam ined w e r e ,  thus, not. confined to those prod viced 
c o m m e rc ia lly  and the re s ea rc h  had two . sp ec ific  a im s: 
a ) in g en e ra l,, to examine, alloy© containing 
■ • 0 -  7% aluminium/and 0 + 15% tin  :.
V  •-'.produced by powder -m etallurgy.:'. • -■/ ‘ .
and b) to exam ine any a lloys  o f in te res t in  g rea te r
. ■ ‘ d e ta il ' 7 . ; v- : " 7 : '7 7 -. :•
The p rogram m e was lim ited  so that worlc which could be 
c lassed  as “ a llo y  deve lopm en t”  res ea rch  was excluded , 
since this i s ' m ore  conven ien tly  c a rr ied  ovit on a rc -m e lted  
spec im ens,
in, the b inary investigation/deecrifoed in  Section Y  
it  was p o ss ib le , since no.-previous in form ation  oh the 
subject had been published * to rep o rt a il the experim en ta l 
re  suits and then to d iscuss th e ir  s ign ificance in a separate 
su b-section . In the te rn a ry  work/ w ith  m ore s tr ic t ly  
defined o b je c t iv e s , i t  is  m ore convenient to discuss: the 
resu lts  when they a re  reported  ? since these considerations 
often suggested the next stage o f the w ork  and this: 
.procedure is,adopted  h e re . ■/;/' - •
8 .3 . Mate r ia ls ' and Expe r i  mental P ro c ed u re » .
; . The. titanium  powder-feas> o f  .n ecess ity , fro m  a A.
d iffe ren t batch fro m  that used previously# howe vex-, it  was 
fro m  production  m a ter ia l which fu lfilled  the riame 
sp ec ifica tion . A. typ ica l s iz e  analysis gave the fo llow in g  
resu lts : ‘.A ■'
: '••a:.' ■'■■■ 1 0 0  m esh 1 .8 0 % y  '
100 -  240 m esh; 67.89%
240 "  350 m esh 1 10.65% • •
V  •: ^  350 'm esh . 1 9 . 6 6  %
X -ra y  d iffra c tio n  o f the powder gave an hexagonal 
la ttice , fo r  which the la tt ic e  pa ram eter a w ere  com puted, by 
the method describ ed  in Appendix I ,  as .
... a • ~ 2.9503 A
c = . 4.6833 A  ..
c/a ■= 1 . 5 8 9 - •
The-tin  powder ware fro m  the batch used fo r  the
e a r l ie r  exp er im en ts . Su per-pu rity  alum inium powder
(99. 95% alum inium ) produced by a tom isation , o f a s iz e  from  
120 m esh to dust, was used.. ; The pow d ers , in the d es ired  
p rop o rtion s , w ere  m ixed by hand and com pressed  in the 
d ie s , using tw o -d ire c t ion a l p ress in g . S in tering ware ca rr ied  
out in the sm a lle r  o f the two vacuum fu rn aces . The 
experim en ta l p roced u re , in  g en e ra l, was s im ila r  to that 
a lread y  describ ed .
In v iew  o f the sa tis fa c to ry  resu lts  obtained w ith the 
b inary -alloys., the in fo rm ation  on press in g  and sin tering 
conditions,- from '‘ that w o rk , was used as the basis fo r  the 
treatm en ts fo r  the p resen t in ves tiga tion s ,4 : . . '
The den sities  arid tens ile , strengths o f a few  b iliary  
a lloys  w ere  determ ined  to g ive  a d ire c t  com parison  with the 
e a r l ie r  resu lts  and to ensure-that the new pow der had 
s im ila r  com pacting and sin terin g  ch a ra c te r is t ic s , . ' '
The density  va lues obtained fro m  a s e r ie s  o f 
com pacts a re  rep orted  in Tab le 43; These d iffe red  only 
s ligh tly  fro m  those obtained w ith the p reviou s batch o f 
titanium  pow der. The p resen t m a te r ia l seemed, to p ress  
le s s  w e ll but. s in tered  tow ards the same density . Resu lts 
obtained fro m  rec tan gu la r specim ens w ere  s im ila r . The 
subsequent p repara tion  conditions w e r e , th e r e fo r e , 
standardised as • com paction>at 40 tons/sq.in ,. and s in tering  
at 1300°C  fo r  4 hou rs, and m oot o f the specim ens w ere  
p repared  under these conditions.
The m echan ica l properties- o f a set o f specim ens 
a re  shown in Tab le 44) tw o tes t p ieces  w ere  machined fro m  
each sin tered  block and the resu lts  w ithin each pa ir w ere  
in agreem en t. S im ila r  resu lts  w ere  obtained from  other 
sets but two sp ec im en s, both o f which contained 15% tin
but' fro m  .d iffe ren t 's e ts , broke at the g r ip s . The resu lts  
a gree  w e ll .with those obtained p rev iou s ly  although the 
d u ctilit ie s  o f the p resen t specim ens are som ewhat lo w e r .
. . The sligh t d iffe ren ces  in  density  and'’-m ech an ica l- 
p ro p e rt ie s  may be d ir e c t ly  attributable to the titanium  
-powder. The eisse, an a lys is  showed a g re a te r  percen tage 
o f fin es in ’ the -present batch and this would tend to g ive  
specim ens w ith lo w e r : values o f e longation , due to the 
s ligh tly  g r e a te r  amount o f contam ination. Th is was 
ev idenced  in the in creased  hardness, o f buttons o f the 
pow ders which w e re  a rc -m o lte d  j the p resen t pow der gave 
hardnesses which w ere  some' 10 - 15. points h igher on the 
.V ickers sca le . . (• Y
8 .4 , T en s ile  P r o p e r tie s  o f Sintered  T e rn a ry  A llo y s .
R ectangu lar spec im ens w ere  p ressed , air- 
40 tons/sq# in* and -were s in tered  at 3L'300 °C -fo r  1.4 ‘hou rsj 
they w ere : coo led  in the fu rn a ce « F ro m  each o f the 
s in tered  blocks tw o  H ounsfield tensom eter p ieces -w ere
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m achined so that m echan ica l testing could be ca rr ied  but 
in  dup licate. In a il*  fifty, d iffe ren t com positions w ere  
exam ined to obtain data o v e r  the en tire  com position  range 
up to 15% tin and 5% alum inium .
. The a lloys  w ere  prepared  in sets o f  f iv e  and the 
a verage  resu lts  fo r  each p a ir .o f specim ens a re  rep orted  in 
Tab le  45. A t  low  a lloy in g  contents the ind ividual resu lts  . 
in each pa ir  w ere  s im ila r  but at higher* 'contents they often 
d iffe red  g re a t ly . It is  c le a r  that, in the absence o f t in , 
alum inium  strengthened titanium  m arked ly  and the 
p resen ce  o f 5% had as. g re a t  an e ffe c t  as the addition o f 
15% tin . The m ost pronounced ch a ra c te r is t ic  o f the 
specim ens/ .as a w hole* w as* h ow ever, the esstrerne ■ 
b rittlen ess o f the h igh ly  a lloyed  spec im ens, .
Th is b rittlen ess would be un likely  to-a ffect, the 
te n s ile ' strength  d ire c t ly  but*- by causing prem ature 
fa i lu re , it  would lead  to apparently low  re su lts . T h is , it  
was b e lie v ed , caused the w ide sca tter in  the h igh ly a lloyed  
spec im ens.
Th is sca tter  m akes it  im poss ib le  to draw any 
deta iled  conclusions fro m  the resu lts  but ce rta in  broad 
gen era lisa tion s  a,re p oss ib le . A lum inium  is  a m ore 
potent hardener o f titanium  than 'is tin* In the- p resen ce: 
o f 3 % tin  addition o f up to 5 %. alum inium  (the m axim um  
amount studied) causes a p ro g re s s iv e  in c rease  in strength 
and a corresponding, d ecrea se  in  ductility| there is no 
d ire c t  ev idence o f prem atu re fa ilu re  but it  is  perhaps ■ 
notew orthy that the h ighest strength for. a llo ys  containing 
5% alum inium  occu rred  when no tin  was present*. W ith 
4% or 5% tin* the alum inium  to leran ce  was. reduced to 
between 3*5% and 5%* ;• When.th© tin content reached 10 - 
■13%, m ax i m um ' strength  yiiis ■ o biained .-with: ah alum inium  
content between 1% .and 2*5%  but> w ith  14%. or. 15% tin , 
the addition o f any alum inium  led  to m arked b rittlen ess  
w ith  consequent low  strengths* ■ The m axim um  amounts ' 
o f a lloy in g  elem ents, w hich  could be -added be fore -extrem e 
b rittlen ess se ts ,in  can, thus, be sum m arised  rtf.'
with ho tiro* 5% aluminium '
. with 2/5% or. 3* 5% tin* just, loss than 5% aluminium 
\ , with 4% or 5% tin* 3*5% aluminium! .?;• • '
- . ;  ' with 1 0 -1 3 ;%. tin *. betw e en I %, and 2 # 5 %. aluminium 
with 15% tin* no!aluminiumfl 7 A
It is interesting to notice that the two Indus tr ia l . . .  
compositions lie near the lim its mentioned above*
8* 5* ■ Tensile . Properties of Further LSpecimeng* .
• 7. . To determine the effect of structure and heat 
treatment on the strengths of.the specimens,! alloys of 
th irty compositions were examined in each, of three 
conditions* A l l  the specimens were' compacted at 
40 tons/sq*in. and sintered at 1300°C for 4 hours* One 
group was quenched and the second air-cooled  from  the 
sintering/ temperature *. the .'contaminated layer in each 
case being removed during machining of the tensile test, 
p ieces. The third group of specimens was repressed at 
40 tons/sq. in* and resintered at 1300°C for 4 hours and 
was then cooled in. the furnace.
in these sets.compared with those sintered and furnace-* 
cooled and-it was particularly noticeable that repressing 
and resintering brought about no improvement in 
properties. .,. ; ' V :
The sets of specimens quenched fxmm the 
sintering temperature alone possessed' somewhat higher 
strengths, although the increase was not grea i. Table 46 
compares the strengths o f Watorv-j- a ir -  and furnace- 
cooled, specimens. ;The set o f quenched specimens 
examined in'th©-’binary Investigation (described in  - 
Section 7) also showed increased strengths but i t  was not 
possible, to decide, at that tim e, whether the increase was 
due to the structure produced by quenching or to slight 
-.interstitial contamination; ' \ However, the-poos'ibility of 
contamination should be.greatest when cooling is carried 
out in a ir , pined the rate of cooling-is slow compared 
-With'Water-cooling^ the a ir-cooled  specimens., however, 
possessed strengths no higher than those furnace-cooled, 
so that.it is believed that'the structure has -some effect
. upon the tensile strength. That the e ffect is not large 
4 s apparently due to the fact that the .high temperature 
phase, in these a llo ys , is not,saturated. *'• ■ • .
8 . 6 . •: Density Re suite,
. ./■ ' The brittleness which was exhibited by many, of 
the specimens was.presumably due -to "inherent 
brxttlene o sJ1 associated with the coraposit ion) to the 
presence of excessive porosity) to contamination during 
preparation of the specimens) or to some combination o f  
the threeo
• The cause was believed not to lie. in.''systematic, 
contamination,, fo r  comparison of the hardnesses of 
binary alloys made up with the present powder (Table 44) 
and the powder used ea r lie r  (Table 39) show only minor 
differences which can be attributed to the,quality of.the 
titanium powders* It was difficult to separate, in the 
ternary alloys , hardening clue to aluminium and tin and 
potential hardening due to interstitial contamination, but 
since the sintering pressure in a ll cases was low and
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since brittleness appeared to be associated only with . 
tlie higher alloying contents* it was. considered that, 
no systematic contamination - had; occurred.; • a,
• •■ - A  more likely cause of .brittleness was • :
: believed to. be the pre sence of excessive porosity* To 
determine the .-amount of residual porosity, density 
determinaiions[ v/ere carried, out on a number o f . 
compacts, in an .effort, to determine the 'effect-'of-• 
aluminium on the po ro sitie e . The theor etical density 
fo r  each co imposition was calculated by the method, of 
mixtures*. .
. - .'The. xaressed. densities of compacts' are
reported in -Table 47 from  which it is evident that ‘ 
aluminium does not cause any drastic increase, in 
porosity but, on the contrary, tends rather to decrease 
this slightly* ' *•’
The densities of sintered specimens are 'shown 
in Table 48* The alloys containing ..no tin gave the 
expected high densities but the porosity increased quite
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sharply with the addition o f aluminium* The .presence 
o f so much porosity would inevitably contribute to the 
brittle behaviour of the a lloys. • ■ ; ' ’
It Was a lso: difficult' to. -prepare - satisfactory ; 
specimens1 fox* m icro-examination* due to staining. This 
lo a typical complaint when polishing porous specimens. 
The large amount o f porosity is apparent in Figures 41 
and -.42, which are photographs .of sintered- specimens 
which contain 5% tin and Z •• 5%.aluminium, and 5% tin 
and 5% aluminium respectively. - •
It thus seemed likely  .that improvement might be 
brought' about by adding, the aluminium in 'a io rm  which did 
not cause reductions in the percentage theoretical density, 
o r a lt e r n a t iv e ly , by Working the specimens after 
sintering. Both these methods were tried and they a,re - 
described in the following sections. In order to keep the 
work to a reasonable length, however , attention was 
concentrated on the two com m ercial a lloys, .vis* , those 
containing 2 .5%  tin and 5°/<i aluminium, and 13 % tin and
2. 75%,aluminium* . There,were no published densities for 
these alloys, so the method of mixtures was again used|
this would be expected to introduce , .at most, only a slight 
e rro r . . . '/ fr _ "■
.8 . 7. Addition of Alum inium as TiA lg
To investigate the possibility of adding aluminium in 
a form  which was more suitable, a batch of the inter metallic 
compound TiAl^ w as prepared in the arc-furnaxe.
According to the stoichiometric composition, this 
compound contains 62. 9 weight percent of aluminium. 
Titanium powder and aluminium powder were weighed out to 
give, this composition and they were then compacted in the 
circu lar die at a pressure of 4.0 tqns/sq.in. Each roundel 
was melted at least three times in.an effort to achieve 
homogeneity. The A resultant button was brittle so that it was 
easy to crush it to powder. The powder was then sieved to 
letfs than 1 00-mesh and this finaction was used); the compound 
was thus of comparable size to the titanium and'tin powders.
An analysis of the arc-m elted material was carxued 
out by estimating the amount of aluminium. The aluminium 
was separated from  the titanium-and was precipitated as
.hydroxyquino late which was then weighed* ,The analysis was 
perfoi’med by the Chemistry Section of The Tin Research 
Institute. The actual amount o f aluminium in the compound 
was found ,to be 62.3 weight percent. In the density results 
quoted in this Section,, no correction has been made in the ; 
‘.'percentage theoretical density" to compensate fo r this 
slight deviation from  stoichiometry.
Powders were mixed and compacted at 40 tons/sq. in . 
before being sintered at 1300°C for 4 hours) the two 
com m ercial compositions were Studied. Results for density 
measurements are given in Table 49. Some of the. 
porosities were decidedly louver than those obtained when 
the aluminium was added in'the form  of the elemental 
powder but there was an appreciable scatter of results from  
sets sintered under nominally the same conditions. In any 
case, although the decrease in porosity in some instances 
was quite appreciable, being as great as 3%, the residual 
porosity would, be too high to obviate the need for further 
treatment. It was , th ere fo re , concluded tha.t, while 
aluminium could, in general, be added more easily in the 
form  of the compound , it  was doubtful whether the added
labour of producing.the compound was justified , since 
fur the r working ope rations were still necessary to bring 
about the virtual elimination of porosity.
Examination of m icro sections proved interesting* 
since although most. were- sim ilar to those obtained from  
specimens sintered from  the elemental powders, there was 
noticed in one specimen decided evidence of an 
undissolved phase. This is shown in Figure 43 ,.and it 
would appear to be a particle of. T iA t^ . , This would i of 
course, have a detrimental effect upon the properties .
One set of compacts made up in this part of the /,
work was arc-m elted , instead of being sintered, in order 
to arrive at an accurate hardness fo r the two compositions. 
The respective values fo r the low - and high-tin alloys: 
were 254 and 314 VPN , : A. . '. A ;.
8 . 8 . Rolling- of the A llo y s . . y  ;
It had thus. become apparent.that successful 
results could only be obtained by using a working 
technique which decreased the residual porosity. Bolling
- 15,0 -
- of the specimens was them ost obvious method but, 
unfortunately, no com pletely suitable equipment-/was 
available. Bolling was , th ere fo re , carried out in a large 
two-high m ill, which has been briefly described in 
Section 5. It was not possible to obtain, in this m ill, w ire 
specimens which are.m ost suited to this type of 
investigation. ..
• A t the outset it was decided to ro ll rectangular
specimens down to sheet. - Although,the reduction per pass 
had to be kept sm all, the total reduction was large so that 
virtually all the porosity would be removed. In general,, 
sets containing three compositions were usedj each set 
contained alloys of the two .standard compositions together 
with a compact of titanium. The unalloyed titanium 
rolled easily but the alloys could only be reduced without 
era.eking by hot rolling. . A  small pot o f sodium chloride, 
heated by a radio-frequency induction furnacesproved 
satisfactory for heating the specimens, which required to 
be dipped in it for only some 30..seconds to come to the
desired temperature. This was kept about 900PG. The 
specimens were'then quickly passed through the ro lls . A  
piece of titanium was repeatedly heated in the salt bath 
but successive hardness measurements showed:no 
significant increase in contamination within the specimen. 
The minimum thickness of the rolled sheet was 0. 019 in .,  
but the high-tin alloy could iiot be rolled to this thickness : 
because of a marked tendency to crack. With the latter 
alloy, in fact, care had to be exercised to prevent rolling 
taking place cold, since this also could lead to cracking: 
this easily happened since, the rolls were large in 
comparison with the specimens and the latter quickly: 
cooled during passage through the ro lls .
A fter rolling^the surface oxide film s ;wereAground 
o ff the specimens which were vacuum annealed at 750°C.
• The sheet was then prepared for mechanical testing. ’
This involved the construction of a special jig  made up 
from  two pieces o f hardened steel. The dimensions of 
the jig  were;.- • .
: gauge length ■ -7- 0.5 inches
cross-sectional width 0.125 inches
The;test pieces were prepared by grinding and filing. A  
few specimens were prepared and tested, but it was found 
that there was a tendency for.fa ilu re to take place, at the 
shoulder where the cross-sectional area of the test pieces 
was reduced by the presence o f the holes by which the 
specimens were attached to the tensometer. A.slight 
change in.the dimensions of the jig  overcame this 
difficu lty, but a much more serious objection lay in the 
excessive amount of time that was required to prepare 
each: specimen. For this reason,, preparation of test 
pieces from  sheet was abandoned, • - .
. However , a number of density determinations were 
carried out on the annealed sheet and, some typical . 
results are shown in Table 50. The beneficial.effect of 
rolling on the density is apparent. The same effect is 
obvious from  typical m icrostructures (Figures 44 and 45). 
Neither alloy exhibits much porosity, and both have a . 
markedly equiaxed structure | this latter arises from  the 
rapid re crystallisation, during annealing, of the grains 
deformed during.rolling.
;: 7 fe As ail alternative to using;sheet.*.It -wae decided to -, 
ro ll the specimens, as before / but to limit, the: total •;. . 7 
reduction so that the specimens were still of a size which 
allowed them to be machined into normal tenso meter test 
pieces; 3 mati reductions per pp.se were again essential* 
but the: specimens were rolled cold ;and ‘were given-;7; ' 
intermediate Mgli temperature vacuum annealing 
treatmentsv 7 'Specimens which contained aUiminium added 
both [as the elemental powder and in the for rn of TiAl^ 
we re [rolled; and the results of density me asurements 
carried put oil the.alloys'are[shown in Tables 5.1 and '52.-;: 
There was little difference in the ultimate porosity o f -;' " 
specimens mad© up from  elemental aluminium and those 
made/up, using TiAl^-#; in  both cases; most of the porosity y 
was eliminated, and the. densities w e re ;within"-a few. - / ; ,/ 
percent of the theoretical. Table 52 Also, contains; fey/V
results for a. set of alloys which were hot hammered# this 
has obviously, produced only .a; lim ited1 amount o fy ,;[[ ;*v
cTensificaiion. . This set.of specimens displayed an '
inter© sting;-structure after, the final sfnte ring [treatment.
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The surface appeared to have undergone thermal etching 
and this showed up quite clearly the remarkably large grain 
. sijs'e. : A..' .. ” •'•./ . -* /• ! / “ •’ ' •'
Results 'of .mechanical tests, carried put on test 
pieces machined from  these specimens are given in Table 53 
Hardness results are also included in the Table.' The 
results for the low-tin alloy can be discussed firs t since' 
they are of the greater importance, - The higher the 
porosity the lower the tensile strength^ under the most 
favourable conditions the strength was 54.5 tons/sq.m.
This compares, favourably with the published figure of 
55 tons/sq. in . fo r the I ♦ C • I . a lloy, cobtaining 2.5% tin- 
and 5% aluminium* while, the present hardnesses agree with 
those of the arc-melted m aterial. It should ba noted that
.this, was made up vising TxALv powder to effect the addition 'v . * ’ * ' ' , +2 ,
of aluminium. The elongation is distinctly lower than that 
of the cor re spending wrought alloy but this is common in; 
powder metallurgy fabrication of titamumj the high 
ductilitie s obtained in the binary alloy s inv© s tig ate d in this 
v^oyk are the exception rather than the rude * If the last
remaining porosity were eliminated the ductility could *. ■
fr;fr-fr- ’ rfr; '-fr-'doubtlessly 'foefi jhiero&sed'slightly, tffi However the high fr-vfrV.fr: fr/. 'fi;
fi. ■/-•'; • ' fry-.frtffi tensile strength'.sugge'ste- thatfrthe^ixiateriar'haB- hot.beehfi, "V fr fr  frfi; 
fi- ; f r  f r f r  fr * tf subject-.to '-premature failure which, in turn,, suggests .‘that f r  tffr. fi f i v - "• 
••'frfr fr, tf-tf tf; : ‘ 'it pro bahlyA po& se e s e s fisufficiexxt^cluxtilityA £pr‘ nor mal •’fi/ j , A "fr "fifi fr..fr-.fr;" 
>.fiAfr A tf fi : • purposes,. • ;Alt is thus believed that the low-tin.alloy may . fr. fifr / A "‘frfr; fr
f r f r .  - ; « tf f i .  . f i f i  successfully. be;£abricated' by ^ powclex’ .metaHurgy. ,r ‘fr.-L A; fi'n fr ;  fitf.
.fi.* ■ A fi.fi frfr-frfr tf’ frfitf No sim ilar tfconclusion can. beA.reached with the fr -fr, -frfr;-fr*.. frfr.
•frv;./ ... _.;vfrfrfry;.* fi. hightffein "alloy. /The results of mechanical tests are fr;./fr- .’ ’ fi.-' fi -fi .fr ’
•> f i - f r f i v . v-A .• erratic;and'in xio case, do they appxreach the early ' frfr; Afr' fifr fi- 
fi* frfr'5 Afr fi‘y fi-v fr--published figures fo r  wrought mate riaifr-. ’Only, one set -fi fi fi-., '• ; f i . f i  A*:
... .*. fi/fr frA. /•/■.. of resultsfifor this allpyvis frshbwn iivTafole;-S4*Afrit"Was .- A-" AA. ..A; _ • - tffifrtf 
••■.fr; fi -fi •; ,. v/ A intended that'three, sets should be /teste d>.- .-•However*.' one _ .’fr*. /*
fi; ‘'■ A-; f r ‘ fr fr frfrfr broke during rolling while another broke during the latter -fi.‘.fi'' ’ -,fi-fiv'fi 
fi;':-. ' '" • fr fr  fifr > v- ;stages',o| vmachining|-vtherefqr'ey only one specimen, of .tftffi fr*
tf-.Atf f i . f i  /- /fi frfr-fr ,.'fi-iiiis;Agr6up aGtuaUyfig.aye'fi'tehsilefitest' pieces' and the fitffrfr' '  tf ‘  .fi; fifr' 
'fr. fr ■'tf. fr/tf tf fi frfr, re suitant/pair of ’test, .pie cete'fr- were pulled frfr This, emphasises * fr- . '.fi-fr • •• 
•' f r f r . f i  ..tf“-‘ •- .the;.brittleness of this particular :.aiIoyfr fiIt .must befrfrA /'/tf.frfr'frfr fr
; - tf fi' fi frfr :v ,-tf. v.xbhcl'ud©d.*'fith;ereforey that the :hightftih composition isfinot . ‘ frfr/tf fifrtf 
- vA ■; / x ‘ .'tf' _ .  tf' : amenable A tp.A production by -powder'tfin'etalUtrgy '.and * judging/ ...-’t f ‘  • . f r t f t f  tf
frfr' fi frfr-:.-frfifrtfby ■ tAs withdrawal fr.dmtfsAervice f r i f is  fialso /unsuitable- for.-, /; fr fi fi” - //; 
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a '-CT '77 8*9. Discussion of He suits. / YCT; '7/;f777- •; >7; 7 7 y a /7;' ;7 7-
a* • A ?• • ■ • / 7 / 7 - - : It Is  obvious that xvono; q£ the-ter nary (alloys '.offers ' 
v..Y f, ■ ■ such 'ease of preparatiah a.81 do the binary titanium-tin alloys.-.
:CT/( -hi the laiter+case,the addition of tin improved .the" efficacy 7 ;7
7 7 ’  ^ /CT pT sintering* whereas in.'tlie -piAsen0.e;'(of''aluminium-this 7"-.
'■'A ( CTa ’CT ; .advantage ;wa.s lo 81. ( ‘ However,'(by (the'traditional.powder(, (; /■
■ >• % r i i ^  'of- pressing;,: .sint©Hhg--and(worldng.( ■
Y. •. .- ; .7 /•;'•... '* the TbW-tin'commercial alloy, could, bo •.fabricated- ;.':.’ ' (■ ( •  ‘ .-.( 
7, / (AM 7 ; ’ 7; -duec©s kfully *(-; It.waseaseritial 'to/carry rout;careful • 7 y7 -7/(
; •,*•’■.- V ■ y -/sieving-to. obtain 'the'; star ting titanium-poWder,-( since an* 7--''.
7 . -Mr 7: y 'excessive/quantity of fines'Mould be'-directly-.correlated with 
•/• a ■ (YA - "low;ductilities-in'.the/fabricated, m aterial;'M This Whs diieAtp (
‘ ,•-=/•■■■ A .. '• the - greater-contamination 'of the.-finer'.material'and it was A; 7
■7 (.,-.■•• . a A . \ 'only fortuitously +ba.t the. ■powder Used in.-tho binary 7 7 /A. 7. :.. (
( -'7 a/77/ 7 7  ihve'stigatibiy.contained'a Relatively. .small proportion'(01;.; /A .••/ ( 
7 ; y; j . .  ( lines-. It m ay also.be V beneficial to add the aluminium(iii (A-
A / ( ; /  , -77the form  of the compound TiAX^i rather /than':-ihe elemental
•' ' /-(A : .(powder, -although'the', benefit's• df-thisTpRdoediir'e: may b@v“ : A' /•'-.
CT7 - 77 (.•/•/: marginal and scarcely jutiiifiable. ph ecpiiomic/grounds; ( 7/
Y-7 . . A :*+.;• 7 - ,- 7 YA " - That the"; addition" of-' aluminium' ad1verse ly  affected M
•7 77 : ( /the;sintering properties,;.of’titanium-tin-alloys, seems A(;
a 7 s/
w ell established but its ;cause was lesa easily d iscovered , 
..The: effect, did."hot seem..to become apparent at the pressing 
stage* It may simply he due to.the presence of.the/- . -
tenacious filuv o f alumina on,the surface of the particles * : 
Chemical methods of rem oval of tBia film , which may 
affect the subsequent vacuum .sintering* are hardly likely, 
to provide-.a-'satisfactory."solution*?the more especially i f  
the possible industrial application is kept in mind* Since 
working after sintering effectively ' rem oves this porosity, 
chemical methods would seem to be unnecessary and,-,for 
tiris i*easoh, they were not investigated. "
While the low^tin alloy gave satisfactory, 
properties when the residual porosity was reduced to a 
low value, the same was not true of the high-tin alloy. . ‘ 
This, as has already been pointed out, is a difficulty 
common also to wrought m ateria l, but in neither ease 
is ‘ the • exact -cause obvious • - ' • -
7 . It may simply be due to the high c.reep reelstance 
of the .alloy# the. very  factors which give good creep 
properties may also make it  difficult to work. • This 
has already been advanced as a tentative explanation by •
IngHs ~ 7 It is* of course, generally accepted that the a 
titanium alloys (which possess the best.creep resistance) 
are in general difficult to work. In this connection it is 
interesting to notice some value3 recently published for
tiie energy necessary to cause flow of certain m aterials
• Y  105/ Y :
m a die .. For a nick© 1 -chromium ‘-molybdenum- steel
(SAF. 4340) the force Required was 20 tons/oq.in. , - '
whereas for com m ercial titanium it was 40 - 50 tons/sq. in
This force increased for titanium alloys and the. low-tin
alloy needed 120 tons/sq. in, to bring about flow# the
high-tin mate riaf;was not. quoted* The difficulty in .
working, however* .may be due basically to ordering of
the titanium-aluminium solid solution, but involving
ordering also on.the- part o f the tin atoms in solid
solution. Work carried  out during, the present research,
and described in Section 10, has indicated that there, is no
/second phase present in'any o f the ternary alloys of
com m ercial interest. . 1 . ' . : ,
While it has been shown that the low-tin alloy
can be fabricated conveniently, it would be desirable to
carry out further work on the material in various
• conditions-. This was not possible in the present * 
investigation because of lack of Suitable equipment.
W ire drawing and swaging apparatus is  desirable to allow 
the efficient consolidation of the alloys without the 
expenditure of an excessive amount q i m aterial. 
Investigations-into the properties of tlie alloys with 
reasonably;low amounts of alloying elements is 
considered profitable#' until more is known of the 
structure of titanium-aluminium alloys* it is scarcely 
likely  to be useful to study further the highly alloyed
7 • '■ %  THElM ICRQSTIVUGTIIBE[qf t i t a n iu m .  .
The structure of titanium varies markedly with
the rate of cooling from  above the transformation
temperature* so.-that it is often difficult to identify
correctly  the phases seen under the m icroscope. This
difficulty can be enhanced by the fact that the -
m icrostructure also depends, to some extent,..upon the
amount of interstitial-elements in the titanium. In order* .
to facilitate interpretation of the m icrostructures observed
in the powder metallurgy work, i f  was decided to examine
titanium specimens which had been arc-m elted from  the
powder used in the present investigation and which had been
cooled at various rates. . ‘ _
A t temperatures close to'.the transformation
temperature;, the, change from  the body-centred cubic to the
close-packed hexagonal phase takes place by a mechanism
1 0 6involving nucleation and growth , With rapid cooling 
the change involves a difftlsionless shear transformation of 
the mar tens itic type. The breakdown of the P phase,, in
unalloyed titanium, cannot he prevented, a cooling rate as 
high as lO,O0O°G/oecond lowering the transformation
temperature only by 15°G ‘7 « Zirconium undergoes a
m  ■ ; . ■ . ' . ■ v Q o  v
sim ilar shear transformation for. which Burgers found
the orientation relationship ‘ ' 1 ,v . ‘ , •
(iib)p / IS (Qooip '
■ 111 (5 II 1120*1/ , ' r
the Burgers relationship has been shown to apply also to
\ 109’ : • *• V
titanium. .
This behaviour of titanium gives rise to a number of . 
characteristic rhic ro structures y which range from  equiaxed 
to aeicuiar. The present micrographs were obtained from  
small arc-m elted buttons which had been heated in vacuum 
at 1 2 0 0 °C for hour, and had then been cooled at different 
rates. Sections were-cut from  the centre of these buttons 
and were e lectro iytica lly  polished and etched in the manner 
already described.
The structure of the arc-m elted m aterial is 
shown in Figure 46# the furnace hearth causes rapid cooling 
which giv es rise to a fin e , acicular structure of a. A
sim ilar acicular .structure-is obtained by quenching the 
m aterial from  1 2 0 0 into water (Figure 4?)*- In both 
cases*, the p phase has transformed m artensitically to a*
? A  less rapid quench* obtained by cooling in air 
from  lEQO^C,; gives a w ell defined basket weave structure 
of a (Figure 48}* which again is acicular but in which the 
platelets ''are. considerably thicker than those obtained by 
water-quenching9 .’■•••fi • -fr: " ' ' :'
tf . Further lowering o f the cooling rate.lea.ds to 
the structure shown in.Figure 49j it is characteristic o f 
specimens furnace cooled and the structure represents 
the nearest approach to equilibrium a obtained by simple 
heat treatment o f arc«m elted  alloys*
An interesting structure is obtained by furnace-* 
cooling specimens to 900°G and then quenching them in 
water. This treat merit leads to the appearance of 
nucleated ct in a m atrix of transformed p (i. e. * acicular a) 
which is depicted in Figure 50) in some cases the edges 
sire very  markedly serrated (Figure 51). .
'".It is not easy to produce from  arc-m elted
m aterial an*.equiaxed-'-.a structure simply by thermal /
*. • - . -  . V 1 1 0  • 7 v  ’ - - ' . . .  ‘ /.  ; .
treatm ent. -• It.can be developed, however, by,cold 
working followed by reheating, in the a.phase field above 
the recrystallisation temperature. Figure 52. is of an 
arc-melted, button cold rolled the small grain sise and 
directionality are apparent. The equiaxedstructure 
resulting, froni subsequent vacuum annealing is .shown, 
in Figure 53, This, latter corresponds m ost closely 
to those obtained from  furnace cooled sintered, 
s p e c i m e n s /
'Tt is. interesting -that the' purest- grade-' o£> CT '
com m ercial sodium-reduced titanium sponge does not
: ’ . ■ • . ■  ■ - ■ i  t i  * ’ ■ ■
show an acicivlar structure after arc-meItirig. . . , '
The structure of arc ^ melted .titanium sponge,-of ‘
hardness 132 V PN  is shown in Figure 54^ the addition
of a.small amount of oxygen, however, leads to the
characteristic acieular structure (F igu re ; 55), ■
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10* . THE CONS TITUTIO N OF T ITA N IUM- TIN-ALUM INIUM
10 i . Introduction *
. . No data have been reported for the constitution of the 
titanium-rich titanium-tin-aluminium alloys. It is generally 
assumed* from  consideration of the binary .phase diagrams.* 
that a ll the;ternary alloys of com m ercial interest lie inside 
the single phase region of a solid solution. However/.in 
view of the brittleness exhibited by certain alloys in the 
system* it is desirable to obtain a, c learer idea of the <■ 
structure of the ternary alloys*
For this reason* a short exploratory examination o f 
these alloys was carried put* No attempt at a complete 
elucidation o f the constitution was possible because of-'the 
time that this would have involved*-
. r ' , * .
10.2. Materials and P rocedure,,
. A  small quantity of com m ercial titanium sponge was used 
for the investigation) this was o f sim ilar quality to the powder 
used in the main work but,: since it was larger in size* the 
amount of in terstitia l contamination would be less than, with the 
powder. Tin and aluminium were available as fine powders) 
•aluminium additions were made to the alloys in the form  of 
crushed T iA lg . Fourteen compositions were studied)\ these •. 
are shown in Table.54. • ' • '■
Powders of the desired composition were juressed 
together in the small die assembly and were arc-m elted under 
argon. Each button was melted three times.:to ensure 
homogeneity of composition.
■ .  The buttons we re rolled in the twofriigh m ill; To avoid 
cracking the specimens, rolling had to be carried out hot.
The alloys were therefore placed in a pot containing molten 
sodium chloride* which was itse lf heated by a radio frequency 
induction furnace.. Only a small reduction per pass was 
possible. Not a ll the alloys could be rolled down to tliin 
strip without cracking. This most affected the specimens of 
high alloy content and'"rolling was, therefore, stopped as soon 
as cracking was observed.. \ .v
- 165 ** .
— ,3.66 ;*’*•
; The. buttons were descaled after - ro lling; It was found 
that the commonly used solution of 5% hydrofluoric acid was , 
ineffective in re moving. the scale and * eventually,, the most 
successful solution was found to be one which, contained three 
parts nitric acid, nine parts hydrochloric acid, two parts 
hydrofluoric acid and five part’s watery, .clean- surfaces.could . 
.'be,obtained;with this pickle. after an im rnersion.of.less than 
1-minute.* . : •- - Y A; . . • (• ■ ' -Y
•A fu ll analysis of the alloys was considered unnecessary. 
A  few specimen checks showed that the-aluminium content was 
very close to the nominal amount^ on the other hand, the 
actual tin content tended to be somewhat lower than the 
intended* due to evaporation during arc-m elting * A ll the 
specimens were therefore’ analysed for tin and in Table 54, . ; 
which lists the compositions, the actual tin contents and the 
nominal aluminium (contents ar e given. (The compositions 
investigated extended beyond those.,of. com m ercial [interest.
"Y . The specimens were subjected to a variety  of heat, 
treatm ents, a ll of which were carried.out in vacuum. One . 
set was slow cooled after being; annealed at 750 °G but a ll the 
others were quenched from  the annealing .temperature.’
The temperatures and times of annealing are shown in Table 54.
J, G. 3. Experim ental Results. •
Vacuum Annealing at .750°C was sufficient to bring about 
complete re crystallisation of the deformed acicular structure 
in specimens in which the alloy, content was reasonably low 
and;this, led to the typical equiaxed structure shown in 
Figure 56. The more highly alloyed specimens* however*, had 
failed to undergo complete re crystallisation so that traces o f 
the deformed structure could be seen (Figure. 57).
The quenched specimens showed structures which were 
mainly determined by the temperature from  which quenching 
had taken place. A ll the alloys quenched from  1300°C 
possessed acicular structures of varying degrees of coarseness, 
This type of structure ie characteristic of titanium which has 
cooled at a rate which allows the p phase to transform 
marten sitically to the needle-like a* Two examples, typical 
of the fine and coarse structure a. * are shown in F igures’ 58 
and 59* In none o f the alloys in this -group was there any 
evidence of a second phase.
. Specimens quenched from  1100 °G w ere  also typically 
a c ic u la r a s  (is evident from  Figure 60* However,, the "alloy 
containing 11*7% tin and 7% aluminium had a two-phase, 
structure which consisted of a compound, probably based on 
the; TigSn structure, in a m atrix of transformed p. The 
appearance of this specimen at low and at high magnification 
is shown in Figures . 61 and 62*
The annealing treatment at 950°C gave interesting 
results since, at this tem perature, some of the alloys were 
in a single, phase region whilst- others were in a two-phase 
area* Quenching, therefore* (produced structures .which . 
ranged from  the wholly equiaxecl a (with alloys of high 
aluminium content) to the wholly acicular transformed p 
(typical of the high tin a lloys) with specimens of intermediate 
composition showing acicular a in a m atrix of equilibrium a. 
These are illustrated in Figures 63 - 65* There was xio 
evidence of a second phase in any of the specimens of this set 
I t  was unfortunate that shortage of m aterial prevented the 
11*7% tin 7% aluminium alloy being heat treated at this 
temperature*•■
Annealing at '800°C..for 7 days caused complete • y y 
re crystallisation of the deformed a solid solution* [ The 
grain size o f the alloys varied with composition, larger 
grains being associated with large amounts o f tin, and " 
omalle r grains with appreciable amounts. o f aluminium.
This ierto be expected since aluminium markedly increases 
the transformation'temperature (and; hence 'the. ■ 
re crystallisation temperature) whereas tin. slightly 
depresses-it. A  specimen with a medium grain size is 
shown in Figure. 66# the. pre sence of twinning is apparent.
A . similar, equiaxed structure was observed.-iii 
specimens annealed at 625°C for 10 days?(Figure 67)*, ' '•
Once again, there was evidence of twinning. In some of the 
alloys containing appreciable amounts of aluminium 
re crystallisation had been incomplete and traces of the 
deformed structure could be seen (Figure 68 ). In neither 
o f these two sets was there any evidence-of a second phase.
The results show that the ternary alloys of'-commercial 
interest do? indeed, lie in the single phase region o f a solid
i • / - " * ' ' • ■
solubility* \ ‘ 7  7.-.,
The lim its of. this 'phasb'.-above/'the transformation 
temperature probably decrease with temperature and, at 
1 1 00°C , .the lim iting surface pareses through a composition of 
about 11%;tin and ?% aluminium. At temperatures below 
the transformation temperature the region of solid 
solubility appears to be more extensive^ since no evidence of 
a. second phase was found* .• This io to .be-expected and 
indicates that aluminium and tin are acting as cfrstabilisers* 
The phase which separates at compositions• beyond the 
.a.solid solution etches like Ti^Sn and io probably isornorphous 
with it), it may conveniently be referred-to as Tig(SnAl)* The 
size a of the tin and the aluminium atoms make it likely that 
replacement of one by another can take place/ The most 
probable explanation of the constitution is that the prim ary 
random titanium-tin-aluminium solid solution becomes 
completely ordered at a composition based on Tig (SnAl)*
10* 4* Discus8ion and Cone jusionsu
*3> ■ '
The speculation of Jaffee that at about 10 atomic percent 
a second solid solution, of higher alloy content, separates 
from  the prim ary solid.solution and that it is this second, 
solution which takes part in. the formation of (SnAl) is not 
confirmed by the present results unless (and this seems - ' 
unlikely) the two solid solutions have, identical etching 
characteristics«
There was no evidence of any grain boundary 
precipitate and it. is concluded, that the brittleness associated 
with the com m ercial alloys is caused, by the. onset of •
ordering* This can be qualitatively understood in terms of 
the high stability of the: bonding between unlike atoms, which 
has already been postulated for both titanium-tin and 
titanium-aluminium alloys. This w i l l  lead to good creep
resistance as .well as brittleness' since it w ill be difficult 
for. dislocations to pass through a m aterial with strong 
directional:bonds and an applied stress w ill tend to 'produce 
cracking rather than plastic deformation.
Although this is believed to foe the most likely 
explanation of the constitution of the ternary alloys, it 
difficult to explain why ordering occurs* The usual •. 
requirements fo r the formation of a superlattice are 
a size factor on the lim it o f the favourable range or a 
large electrochem ical factor and these appear to be 
absent"in th© present system*
IT . DISCUSSION. OF THE INVESTIGATION.
It is  not necessary to discuss the experimental results in 
deta il, since this has been done in the previous Sections; it is , 
however,, appropriate to mention certain general; points. .
The ..vacuum furnaces were constructed specially fo r  this 
investigation and, although of simple design, they have proved 
convenient and efficient. It Was noticeable that the furnaces were 
used for long periods without any trouble j  there-hao been a feeling 
amongst users that -VGrusilite-11 elements suffer from  excessive 
brittleness after long usage. Such has not proved the case with 
the present . furnace sy; a total o f fen elements was incorporated in 
the two furnaces, but although these, have been in use. for more than 
3 years;, only one replacement has been.necessary,..
The circuit designed for electrolytic polishing hao ' ■ 
provided an easily operated and efficient unit i f  the porosity of the 
specimens was low. The electrolyte suffered only from  the , M 
disadvantage that its stability was limited to a period, o f about a . 
week. It was found that mounts containing up to six specimens 
could be polished satisfactorily provided the exposed surfaces of , 
the specimens w ere  approximately of the same else, so that the 
same'current density was maintained .for each specimen.
' The experimental results have demonstrated the 
superior qualities of sodium-reduced titanium fo r powder 
metallurgy fabrication* The addition of tin, due to its ease 
of deform abilify and low melting point, gives specimens with 
lower porosities than that obtained with unalloyed titanium* 
When aluminium is added, however, fabrication becomes 
more difficult. This is partia lly, but not wholly, due to the 
presence of a greater amount of porosity, which is not 
eliminated after a single pressing and sintering operation 
but which can be removed by subsequent working 
techniques. When virtually a ll the porosity has been 
elim inated, only alloys within a certain range of compositions 
give reproducible, and high, strengths) alloys outside this 
range are believed to be inherently brittle.
The. low tin com m ercial a lloy, which contains 2*5%  tin 
and 5% aluminium, fa lls  Within the range whereas the 3.3% 
tin and 2 * 75 % aluminium alloy does not. Th is ,. of course, 
accords with industrial experience and accounts for the 
withdrawal of the latter m aterial from  service and the failure
to replace it by any alloy o f sim ilar composition o r , 
indeed, containing the same elements* ',;
The present work has , therefore * shownthaf powder 
metallurgy can produce fa ir ly  easily and satisfactorily the 
low tin a lloy, which can, however, be wrought# neither 
method is capable of producing the high tin alloy which, 
because of brittleness inherent-in the composition, does not 
lend itse lf to any technique of fabrication. There was no 
indication from  the present work that a more satisfactory 
tin/aluminium ratio that .2,5/5 could be adopted# potential 
increase in strength could be obtained only at the expense 
of ductility. In this case, therefore, powder metallurgy 
must remain as an alternative-method o f preparation - 
rather than as a method of producing m aterial which, 
cannot otherwise be fabricated. /■
The exact cause of the biuttieness is still unknown, 
but it is generally assumed to be associated with ordering 
phenomena in the presence of aluminium* The effect upon 
. this behaviour of additions o f tin has received no 
explanation. A  greater understanding of the phase
relation ships in. the binary and ternary {systems .is .probably fr' 
a prerequisite o f 'any. solution of -the' problem of ' 
brittleness) the titanium /aluminium system , in particular, 
cannot.-be considered, to have been satisfactorily determined* 
The w ork  carried out in  the present investigation into the 
structures of the ternary alloys.,A although only, exploratory, 
io o f interest since it represents .the only, reported work on 
th© ternary .system*.. The fact that there .was' no evidence of 
a Second phase. within the range /of .compositions"of 
com m ercial interest lend o' support to the view that/:; 
brittleness is associated with an ordering effect, A  fu ller *- 
study -of-the4 system; i s ' obviously desirable* •
/ • • Xn the.near future/ therefore,.use of titanium-', 
aluminium-tin alloys seems to be limited to the low tin 
composition* This alloy, i s , of course, extrem ely popular 
because of its good creep strength at-mode rate-temperatures 
• and • its ' we Id ab ility»; ' Interest must continue in titanium * 
alloys whose, main alloying-element is aluminium, because' 
of.the effect,o f the latter on the recrysta llisation .' 
-•temperature,, and hence, the- resistance to creep, of titanium7
- , . ' .. — 1-76 ..
However j  ;tbe addition o f tin to the newly-developed complex 
alloys, usually in association with zirconium, is o f more 
immediate interest and o ffers a field fo r an investigation 
into powder ’m etallurgical production* Tin has recently 
been tried in a aumbar of experimental alloy compositions 
and .an example may be cited in a,recently developed a lloy, 
containing 6 % aluminium, 2 % tin;and 6 % vanadium,, 
together with small amounts of iron and copper, which, it 
is claimed , has a tensile strength in excess of 
89 tons/sq, in, and an elongation of 8%.
The interesting behaviour of tin in titanium, observed 
.30 33
by Jaffee et al. (-which has been described in Section 2)
has received no com m ercial attention,v It is ,  however., of 
considerable potential importance since an increased , 
tolerance to the presence of in terstitia l’elements would not 
only allow some relaxation in the severity of fabrication 
conditions but would also allow the use of slightly 
contaminated scrap titanium. To evaluate the potential 
industrial significance of these observations, it is 
necessary firs tly  to study,, in greater detail, the effect
containing, different-amounts of interstitial elements: such
' • - T i l 'a. research is , in fact,, being carried out * although no
results have yet, been published. . It is tempting to speculate
upon possible mechanismo by which tin may,affect the .
tolerance of titanium to these elements. . A  simple chemical
explanation which involves the formation of innocuous
compounds seems thermodynamically unlikely. It is ,
however,, conceivable that the interstitial atoms a're
attracted preferentially towards the tin atom sites rather
than to the dislocation sites as is normal.. The Fetch - .
' 114 YY • Y . .( -* * ' " ''
equation * may be expressed «  ,. . .
' 7  * * • # . * ........................................................ ....................... ( i i v l )
where. is the lower yield stress
. - . y is. the slip fraction4( i .e .  , the
\ . - . resistance to movement of a
. . .•'(■; . free  dislocation)
. . . .  io the length of the grain 
7'-.. . . • diameter , : '
is. a constant W/lxich depends 
on the di sloe atiozi locking 
.. .' • stress
The hardening effect of dislocations on titanium is due,
of additions of tin on the properties and structure of titanium
principally, to their effect upon the dislocation locking stress
and any preferential m igration towards the tin atoms would 
resuit in a ;lowering o f the value of Kg, 'This would he 
apparent ao a, change;in the slope of the line connecting 
yield stress with the ‘grain- sm e  fo r any particular grade 
o f titanium, . • . Y-\ Y. • • • [ . . .  * ,
In oumming up the present investigation, the very 
desirable properties of sodium-reduced, titanium, sieved 
from  com m ercial m ateria l,’ are obvious. However, to 
obtain high ductilities as vv e ll as high strengths, it is ■ 
necessary to take care with the sieving, so as to prevent 
an exce s siv.e'. quantity of fines which leads'to greater 
contamination. Provided this criterion  is observed 
very  high densities can be obtained* The results are 
believed to be of d irect practical significance in view of 
the absence o f other data fo r  the powder metallurgy o f 
sodium-reduced powder•>
A  revaluation of the value of powder metallurgy 
techniques to the titanium industry is required. The early, 
disappointing results obtained by these methods have given 
rise to a reaction against their,use and, at the present time
nearly all com m ercial titanium, and titanium alloys are 
produced by arc-m elting.
The advantages of powder metallurgy are , however, 
considerable* , Titanium is cheaper in the form  of powder, 
than it is in  the form  of prim ary metal^ the method can 
effect as much as a four-fold  saving in m aterial and 
difficulties associated with working and non-homogeneity 
of composition may be avoided by the/use of powder 
m etallurgical techniques. Therefore , provided suitable 
powder is obtainable, the method continues to have 
attractions.
Powder of high quality over a wide range of particle 
siaes is required. D ifferent processes give powder with 
different characteristics and. methods of production may 
be divided into four groups -
1 ; Reduction o f oxides or salts of titanium
2. Mechanical comminution
3. Hydriding '• y /
4. E lectro lysis  ; -
.Mechanical comminution.is difficult and has not. been 
successful) rela tively  coarse material must be. used to, 
obtain -the necessary- purity*. tf;
Reduction of oxide q or salts-has'proved 4 so far^the 
most useful* . M etallic reduction of titanium tetrachloride 
by.magnesium or sodium should give products which are. 
sim ilar* The results obtained in the present investigation 
have indicated that sodium-reduced- powder may be 
fabricated.’by powder .metallurgy--satisfactorily > but there 
appear to be no comparable data for magnesium-reduced 
m aterial) the m aterial now available is  much superior to 
that originally produced at the U.S* Bureau of Mines*. A  . 
proce s o o f magne slum reduction, in which a ll the
constituents are in the vapour phase, has attracted '
114 . ! tf .
attention ” but appears not, at present, to be carried out
commercially* Reduction of titanium dioxide has usually
been attempted using calcium (or calcium hydride) but the
powder so. obtained,A although fine, is heavily contaminated
since complete reduction io hot achieved* In any case
the need to use pure calcium as a starting m aterial makes
the process .unattractive- econom ically*; It is interesting A#
1nn>U£>. ™
• 1 1 5 '  '•however, that, according to Goe tael' titanium alloys
are being produced in the U .S .S .R . from  powder obtained
by reduction of oxides with CaH^i co-reduction of TiCL,
- . " • - • - . • • _ * &» • ' •• ■' £3
A l?Or> and VoO r is practised to give a powder which can be
I.W.-3 ' fr-** •/!* ' ’ * ’
pressed and sintered to give satisfactory titanium- 
aluminium-vanadium alloys. The quality of the product is 
sufficient to justify the expense of calcium hydride,
The hydriding process may be important, judging by
• 5 5  5 6  ■
the promising results of Robins et. al. , * The method
is also of interest as it may- allow- the utilisation of titanium
scrap# since * however, no purification is effected* only :
uncontaminated titanium scrap could, be used. Titanium
hydride is brittle and has poor plasticity# its rela tively  low
green strength lim its its. use :to simple shapes.:
. . Preparation of powder by electrolytic reduction is ,
potentially, the most attractive method of producing powder
d irectly. E lectro lytic powdes^produced at tho7 U.S. Bureau
of Mines, has been consolidated to give properties .
comparable with iodide titanium A •' i •
Tensile strength [ = 22* 7 tons/sq.iu.
.. v;. Y ield  strength, ‘ “ . ,14.6 tons/sq.in. •
. Elongation in  1 ..iii, (4D) .= • 50% . - *.
Reduction in area •« ■ 70% .
The cost of the process may become less than.that of the 
rriagne a ium-reduction method. The success of sheath 
rolling and, more particu larly, hot pressing! techniques * 
are also of importance. It is ,  therefore* reasonable to . 
assume that powder metallurgy w ill remain (of interest 
m titanium fabrication,.. Y
. A t p resen t,. certain parts are being produced by 
powder metallurgy j- in particular,, a je t engine bearing 
housing has been produced ' by hot pressing techniques 
with a reduction in costs of 22%, Although large pieces 
can be fabricated by powder m etallurgy, normally it w ill 
be used only fo r sm all components j( a lim it (of 5-lb, 
and 10 sq.in , has been suggested'. Perhaps the:.most, 
promising use w ill be in the form  of semi-finished shapes 
Powder metallurgy can also find applications in the 
fabrication of titanium alloys which cannot ba produced by 
conventional methods| examples of this, are porous, disc 
filte rs 'fo r  use with fuming nitric, acid, infiltrated parts of 
low density and dispersion hardened m aterials. The 
latter have been investigated in attempts to increase the
elevated temperature strength of titanium* The effect of 
factors such as wetting, handing and coherency are not yet 
fu lly understood j as work is still at a prelim inary stage, but 
it. has been shown that the addition of * 8 volume percent 
alumina more than doubles the tensile strength at 430°C ♦
These considerations suggest that as the titanium 
industry expands, powder metallurgy may make a 
significant, and perhaps unique, contribution*
It is usual, during the; course of a lengthy 
investigation, to find additional work that.could, with 
advantage, be carried out* . Ip the present case, further 
work could proceed along a number of lines. The 
investigation of the effect o f tin on the severity  o f : 
interstitial-contamination has been mentioned and is , at 
present, being carried ou!; I f is hoped that a fu ller study 
of the ternary phase diagram w ill be undertaken* A  
further useful addition would He in an investigation of the
powder m etallurgical fabrication 'o£ the newly - developed 
tin-containing complex titanium alloys „
Parts of the information reported in this thesis have 
already , been published or accepted for publications
"A lloys of Tifanium .and Zirconium:Containing T in ", 
M etallurgia, 1958, 57, 18 tv v- • . V
"Utilisation de. Detain comma element a llie dans 1©
, titans"* Lecture cleliyered at the Huitieme Journee 
da l nEta:in, P a r is , 12th March, 1959.
(With E, C*Ellwood) 11 The Powder Metallurgy of. • 
Titanium-Tin A lloys " ,  Powder M etallurgy, 1959* 
4 , ; i°8  . - - r ;  v % ;
."The Powder- Metallurgy of'Titanium L1,- Journal of 
the M etallurgical Club, Boyal College of Science 
. ' -and Technology, in the-pres s. - -
1ft. CONCLUSIONS.votf VM.|> rt alofr ji^-rx^rmmr^ a^*m=wtrvrnim
The results obtained in the present investigation led 
to the following conclusions
lm Titanium powder, sieved from  com m ercial purity 
' sponge, can be prepared,;.after, a single pressing and 
sintering operation, to compacts with low .porosity.
Typical preparation conditions whichle&d to porosities of 
1 involve compaxtion a t'40-tons/sq win* followed.'by
sintering at 1300°C for 4 hours^ slight departure from  
these conditions is  without appreciable effect upon the 
finished compacts,
2m The addition of.tin, in the range of compositions studied, 
improves the pressing characteristics of the titanium powder 
by giving a lower porosity for a given pressure o r , 
alternatively, a given porosity for a low er pressure. This 
improvement is probably maintained during sintering but i t : 
is less easy. to.discern, •
3,, The addition of tin may , und er ce rtain c ir  cums tanc e a 9 
lead to troublesome effects associated with evaporation and 
with a type o f ’ ’sweating") i f  these are avoided, sintering 
presents-no especial d ifficu lties,
4* The temperature at which molten tin w ill wet . . 
titanium in vacuum was found to be^  530 °G, It is believed 
that below this temperature the surface o f the titanium is 
protected by a film  of oxide and it is only when this oxide 
is removed (by diffusion into the metal) that reaction of tin 
and titanium can take place,.
5, The mechanical properties of the titanium powder* 
consolidated by the methods of powder m etallurgy, compare 
w ell with the published''results for melted m aterial of 
sim ilar purity. In particu lar, the high ductilities are 
noteworthy, in view of the low values of elongation which 
have previously been obtained in powder m etallurgical 
fabrication. Tin has a very  marked strengthening effect
upon the titanium, the presence of 15 weight percent nearly
. h  V  ‘ . : ■ : • • : ■ • •
.dotting-its ultimate tensile strength,.
6 , The addition of aluminium to th© titanium-tin alloys 
greatly enhances the difficulties of sintering, since it 
increases the ultimate porosity,after any given sintering 
treatment; Li order to achieve(satisfactory mechanical 
results it is essential to remove this porosity coiiipletely 
or to reduce it to a negligible value and this was done, in 
the present case, by rolling to effect a considerable
'v.eduction* ’/ ( /• /
7, Although a large number of ternary compositions .' 
• were'examined in the' sintered condition, work' on/rolled- • • 
. material was confined to alloys containing 2 .5 °/o tin and 
5% aluminium, and 13 % tin and 2,75 % aluminium. When 
the porosity is reduced to a small value the mechanical 
properties of the low-tin alloy (are acceptable. The high- 
tin a lloy, however, could not be saUtiiactoriiy fabricated 
by powder metallurgy^ this is ascribed to brittleness 
inherent in the composition since difficulty in working a,rc~ 
melted alloys of the same composition has been 
ei&perienced;/ ••• -Y •./.;/ .+ ..-.-Y Y 77. 7
■ ' / .  ■’ ,.m .. -• ( . . ' . «  1 8 8 . -  7
■ 7 ;
8 , It is doubtful whether any better ratio o f .tin/aluminium 
than E* 5/S can be found / -siribe'. this appears to represen t1 
the--.optimum'':combination of strength and ductility* . 
Additional strength can only be obtained at the expense of
a marked decrease in ductility*
9, . .. It-is believed that sodium-reduced titanium is a 
suitable m aterial for powder m etallurgical fabrication and , 
in view of the availability of this type of titanium, it is 
considered that this w ill make the technique more attractive 
to-the titanium'industry*;
1 0, A  short exploratory investigation of the structures 
of certain titanium rftihr aluminium alloys was carried out*
No evidence of a second phase was found in any alloys . 
with compositions of-com m ercial interest*.
'PARAM ETERS.
APPEND IX  X* THE DETERM INATION OF. LATTIC E
The value of the lattice parameter derived from  the 
high angle reflections on. a powder photograph is more 
accurate than, that-obtained from  the low angle reflections, 
since there are several systematic e rro rs  (due to 
absorption, eccentricity of the specimen, e tc . ) which tend 
to aero as © “$*90®, To obtain accurate cell dimensions 
it ie usual, t h e r e f o r e t o  utilise the highest angle 
reflections to give lattice parameters which can then be 
extrapolated to © = 90°. Such a determination involves 
a fa ir ly  lengthy calculation and the method used iri the 
present investigation for the determination of the cell 
dimensions of the hexagonal titanium is.described below: 
for this lattice it  is necessary to find both the "a "  and “ cn 
parameters..
■/.' :* The diffraction lines on the film  were indexed and. 
the angle of reflection for several of the higher angle
lines was determined from 'the. position, of-the lines and the 
dimensions of the camera / account being taken of the effect 
of film  shrinkage, etc. The inter planar spacing for 
each value o f w a s  then obtained from  the Bragg 
equation •.
n - A. ~
where =
by
n
2d, , V sin h k l  V *  *  *  *  *  *
wavelength of the incident X -ray 
beam " • •/ !
for firs t order reflections
The lattice param eter, a, is ,  in general given
a r  ( h k l )  ^ h k j t '  • • *.’• •
and, for the hexagonal system. y ■’
i u *>
■“  , c f “
where-' C G / a
7 .  tf.v * A n  a p p r o x i m a t e  v a l u e  o f  G f r a s  g u e s s e d  a n d  t i l l s  tf 
e n a b l e d  a  s e r i e s  o f  v a l u e s  o f  ’ ’ a ’ V t o  b e  c a l c u l a t e d .  T h e s e  
v a l u e s  w e r f r  t h e n . p l o t t e d / a g a i n s t ,  a ,  f u n c t i o n  o f  0  : v  t h e  , f r  
f u n c t i o n ' c h o s e  w a s  f r  ( c os^ $  " A f r c < c t e j ® . - ) ' ; , w h i c h  - N e l s o n  a n d  :•
fr"" ; n ? v  v A / ; r t f ' f i ‘- r - ^ i n > : ’ - < h f r ' )  f r '  ' f r  f r f r f r  . f r f r A f r ' "
B iley /-. have; shown to be the most euitable f o r / ‘ * frfr
ektrapolation. ■ H  the exact value of C  had been chosen, fr  
the points should lie  on, or, close .to/ ’ a straight line when 
plotted,;against the: Nelson-H iley function*': - ."In general, fr- 
however, this io not the cas e arid , the value of C must; be > 
adjusted*: Tt yas , 'therefore/.’-necessary -..to.-repeat tlie '• f r  - 
process- and- readjust C until the, points lay close to a A-., 
straight line fr- With practice no more than two *//.; *
a l t e r a t i o n s  • i n  - C . ' w e r e  u s u a l l y  f o u n d  r i e c e  o  s a r y *  tf - T h e ,
* fr 1 t ' . frfi . . ’ > * . • .*  ^ V- 1 frfr ' fr' /-v 'fr ■
coefficient of 3fr in.equation (3)is/&tftf arid this is  the; " . -'V-
V / - ' ! / ' f r / /  ^ / t f ;  t f t f v . f i ' t f t f f r ' t f  ; f r  f i f i - t f  / / / '  t f . / - /
f a c t o r  g o v e r m n g  t h e  r e l a t i v e  m o t i o n s  o f  t h e  ^ p o i n t s  o n  t h e  - 
g r a p h . -tf T h e ,  p o i n t  h a v i n g  t h e  g r e a t e s t  [v a l u e ,  w i l l ,  t h u s /
b e  m o v e d  t h e  f a r t h e s t ' - b y  a n y  g i v e n  v a r i a t i o n  i n  C *  ■ -'•/ f r  •/; -tf- ’
■ V- •/.- ••• . f r t f  frtf. ■' ‘ ‘ ; /, f r \  ' f r  - - '•v ‘s' *
C o n s i d e r a t i o n  o f  t h o  -M f r  v a l u e s ,  w a s  o f  g r e a t - a s s i s t a n c e  tf
• i n  f i n d i n g  t h ©  b e s t  v a l u e  o f  G *  tf T h e ; f i n a l  v a l u e s  o f  a ,  :  / . t f
c o r r e s p o n d i n g  t o ' t h e . / b e s t  v a l u e  o f  ■ C /  W e r e t f p l o t t e d  a g a i n s t ;
the Nelson-H iley function* 7 The best straight line was . 7 . 
extrapolated to :g ivethe intercept (the accurate value of 
a) on the ordinate and this':line was found by the method of 
least squares. If the gradient of th e lin e  is m j then . . 7' ..
^ ft X: . • . m ^ x * - 1* f t x  * • * •.* (4)
lYl ^  • *{* ® q I I  "»;« • 4 « « . . .  » • » * * •■(•?)
Where h •’/• M ' -'” ;- number o f reflections hkl ■ /.
• 7\x 7 - . Nelebri-Riley function. m  7
-By- eliminating m from: the se simultaneous*equations the 
value o f ft0 , and hence ;cQ, could be fouxid. • The accuracy r •;
of the'cell dimensions, ixi this.method, depends upon
.. *::'v .1} .../ V- ,7. 7/7 ;7: • ■; 7-'./ 7 7-■ • 7 - 43 . .; -
accurate successive guesses of Ci 7 A r  chard v* has
described an alternative- method; o f ,computation which avoids
these successive changes in  G anckthis, 'method; was also ;.
tr ied . As, oe iore , an axial • ratio. Was gues sed and -value's
of a were'plotted against x,- the slops.Vof-the best straight
line'being obtained-by the method of least squares.Y —
;v- •- - .7 If C' is 'va r ied , it, is-- reasonable to assume that the
v' ' ■ ** 1,94"
‘optimum value: of- C/is that which makes the variance of.., /;"
the best, straight line..a minimum "and[this as.given byfe?fe/ ’’ •
C guessed - —  , : : : (6)
’c*>
/*’Y «..[;’ ’/.'■ , C optimum
where; ; ^
V  I
and A m
A-V’ A ms'.:
. = f e / [ - : i f : ' [ [ ; Y ' ' [ / - [  ; ;/ . :Y . [ [ / /
»  " . . * - Y ;A ;■ - A  • ,
4 n - . . • V./.+Y..-Y :Y-
•=;/• /humber..'of r efle ctions• hkl. [ \Y-;
= ; ; ;  h - t %  -  f t
For - the;hexagohal, system"
•da ? 
do- •
, , d / [  
de' •
p .
( h " : '  + ; h l i  +  K) V
t n  V
* * « • , *  \P  *
* * a 4 v
2L I l i  fe I
. [Y Y * *" V  ,* *- [' /q A. • .* * ? • •-,« * .♦ • © * • • * * 0 * ♦ ■ \  7  /
Y•;[[-; A fe v/ The/yalue of ^fetvaS; then 'given ,.by the jfe lsony R iley 
extrapolation'.with YC/ft feoplimhhi using the 'method of .least," 
square s:, to find ..the be at straight line through the given best' 
arrange me nt'of the/points. [y . V roy;/! yy
195
v: ■ . s ■-■•7 - B o t h  m e t h o d s  o f:, c a l c u l a t i o n  w e r e - - a p p l i e d  t o  aY- .7
,* ( . 7 7 .  .7* p h o t o g r a p h  ( o f  t i t a n i u m ; ;  -u s in g s -n in e .-  d i f f r a c t i o n  l i n e  si., . T h e  
• • ( ( . (  . . ’( v a l u e s  o f  e /a :  a g r e e d  t o  . f i v e  f i g u r e s  * 's o  t h a t  i t .  w a s  ‘ . ; V . 2
, c o n s i d e r e d " . u n n e c e s s a r y ,  t o  u s e ,  t h e '" m o r e  . - c o m p l e x 'A r q 'h a r d  
: j... - /-(/Y : Y Y . m e t h o d ’s in e ©  .a n y .  a d d i t i o n a l  ■ a c c u r a c y ;  i s  ‘- le s o  t h a n  t h e  ' y 
- M y y :- - -Y ( e x p e r i m e n t a l !  © rro 'r.> . •" Y Y'.’ y •- ( .  ( . , /^  , 7 7 ';  :
; "  j
.  ' n - •
. . .  . -J' !
'■ -Y -5: -:j
■'ri
. . j
A y . A P P E N D I X  I I /  T H E  E V A P O R A T I O N  ' O F / :  V  
• . ' . 7 : T I T A N I U M - T I N  A L L O Y S .  ’ / >  V T  /
.... y/y/The evapdratlofi of tin from  the, tyihary titanium-tm 
alloys sintered in vacuum appeared * from  the experimental 
results ,; to be considerably greater than that of titanium.
The Vvapdur pres sureo:-o£ both the pure, components-are'" \ 7y 
khoWn- and •••consideration' Was given [to the problem- of. . .7-- 
calculating, : from  the s e value o , the e .vaporation rate t o t  
each constituent. ■ . y  . //yy >,;7v7 7/ /•// .y  y . / y. 7;--7yv:- 
There -is';, however*'[[no[[precise’-few relating the- :yy-/ 
partial vapour, pre a sure; of alloy edmponehts to their vapour
- ./V' / 7 , - ‘ 7  [• : ‘7/-. .?-/  - fq 7 . 7 .
pres sure in the pure state* - Bushman has. sugge steel that 
BaoulfAlaW 'is applicable to-alloy systems /.'and. this _ is ; 
gene raUyAppticable to an!: [alloy in-.which.the vcohstitueht v ’ 
which is/present in  -tlx©., greatest .concentration-ie- also the7 
most; volatilefey fe/yyy,-.[-'7 [./ -7'// a''-..y[7 ‘ ' '■ ~ y  ■. - ‘ *
. [/ :y ’ -'. • Such,is/not .the/case with-titahium-tin/alloys of the 
composition inve  sligated - in;the pre sent instance/; -Howeve r , 
bfe'assuming; that, the law holds,. an approMmaie . -ratio o f ,  the 
evaporation of-titanium and tin can. be obtained.; 7y
-_i97 -
The mas® of m aterial evaporated per unit of 
emitting area in unit time into a vacuum is given by the 
Langmuir equation which is derived from  kinetic theory:
I S k i
H  rr f l  1 8 '  9
VET! r t  •
where a* =, condensation coefficient
P  = vapour pressure
M = molecular weight of evaporated particle
R .= gare constant
T ='. ' tem perature. (°K )
Thws e. a€, k p fh L : - . ........................................ . (z)
For the two components, A  and B, of a binary alloy the ratio
of the evaporation rates is given by
PA  H a At f  -KA/EB; =  . . . . . . . . ( 3 )
where PA  and P® s partial-vappur pressures ,
MA and .MB = mole cula? weights
- : A ‘ : . €Qct "...
If WA, and WB represent the contra.tions by weight o f the
components in the alloy and substituting for I f r  and the
vapour pressures of the pure substances P| and P p ..
/(which, assumes the/validity;of ;Baoultf s law),/then .
Yp-A j , .. ./ W C T r & B ! v ;. (M  • ( -. V 7 . ■
• " ' c t  « V - -  - 'm a y - /  ■- / V  r; ;- s A-
The'., value© of vapour pre S'sure; and iii&Miiim. and
tin  at tempe raturea■) of, 1200 0C. and-T;3 00 °-G, have - been, 
calculated from; the data.giveqpre#pecfiveXy,. by /Bloeker.
'* ' * 1 * Y * Y • ^ ^  * *~r- * ^ \ ■ * . ' *’ ' . * ,  ^* * » • " ’
(and (Campbell/-* /dnd 'Baughaii, ( ■) and:-are 'as ''follows '•
‘ ' / ' ; ( CT-/ .y ,y; ie o O;0C; vyy- ■ a : ' - CT-
A--' , , A 1 : : . V vP .m m . 7 P/4  m ' - j
-.Titanium . . 6 ,  9 + 1  d fr ; 1[0 x  50 j
Tin /'- - y  \?C \. 7 1  ,4 + . l6 43: "J  I . 3' x 10” 2 '-. 7
\ T V  - : ■ A y . .  \ y  +  \ y  0 0 ° C
;■ . ■  ...V.Pvmm.?
Titanium . y+V. . 7,'4 x T 0“ ° . ; . l . l + ’l b + v  7 .
Tin'- ' . ; 7 7 7 7  ’ :5,4 +  lO" 1 / /-; 2 + T 0 ~ 2;7 ::
■ This indicates that the Rate.'"(of (evaporation,“of tin from  the -
compacts sinter ed at- the/high© r/'te mperatures shoUld.^some
:or der of; magnitude higher (than that .of titanium-... However
the .use..o f .Haoultf-s: law.-.assumes, in effe c t, that the / • " 7
'activity of tin in titanium ie equal to'theconcentration;.-,
This ■seems unlikeiy.to.be true*although'.there are no ' 7-
■.v
f r f r  ; • ; t f f r 7 f r ' f r . ; ‘ f r  f r ;  z ;1 9 ' ? ; - f A ^ - f r ‘' frfr ' f r - - f r ;  
fifr f r f r -  •tffifrVfr / f r f r  ';v' 7 " - ‘.'V>.. f r f r  ' - f r ' +  f r  fr-tf’ 1 / f r .  -tf tf- ' tf‘* frfr *
--•• f r f r / f r f r„' »• : «* W v :
.- tf/;-. ‘tf'-* reported - value 8:0£-the ;ac tivity.fr tf\fr-frwtffr:tf; f r f r  . f r  • tf f r : .  “ 
; ■ .tf / ’ / v .. t f F o r .  an alloy in which thetfactiy-ity equal s.the tf.fr : ' tf- 
f r  fr mol fraction the solution is ideal - and thetf attractive j fo r  ce s
:.v
. V; •:" ' - . v r
tf-fr: fr ; be tween Tike atoms, are' comparable- with, those /between; ■ -'frfi ’tf;
^ • ; f r ./' AAtfunlike atqms.tftf: From, the .constitutional, woiTfrpntfthe - tf; tf.tf, A - .tf frfr
t i * - fr
./tf■*' r
f r / .  tf;’ ’ ' ..titanium-tfr-system;,and.-,, in. particular'/' that;reported. v r  ,-fr •, tf; f r / f r .  tf;tf 
tf frfr by .MtfR*.McQuillan?, i t  (oe.en^S/vlikelyfi-ti^t the bonding / , fifr-fr;/ fr fr fr
f r f r -  y . f r : ' - : vc
'fifr -frfr frtf f r .... fr  -fr- between unlike/. atqm;s fi-ip; s trpnge r Than that between like frfr fr frfr tftffr tffrtfl;
tffr :tf - ; ’tftf- r fr  fr fr • atbm.dfr. This/indicates negative deviation fronfrBaoult's tf frtffitffifrfrfr
tf •/tf frfr-tf tf.tf3'- A .“tf !fr law/ ho that The activity tfwill ba. less thaiithe rqoi tf • ;tftf, - *tf ' fr-tf frAtf.fr fr: 
•tf.-.:' tftftf ‘ / •/v t f f i t f ^ ' f r  - f r f r  -.tftf/tf f r ' . f r  ' " tf-’, ... .'tf. ' ‘f r  ' f rA’ . " - "  -tf " :A'fr'. ’--fr tf, • fi ' fitf. ' . ‘t f f r
frtftf-frtf .tf;/ fr. ‘v‘tftftffr -fraction-,, .-v.Thi'S;.will' reduce.The.frrelatiyefrevaporation tfratefr;. A.tf ,- t ffr fr 'H
’ f r f r . f r  .tf frfi • /.,>fr"; frfr" - "fr tf :/fr Atf.fr tf."A fr fifr. fr frtffrv  frfrfrfrfrtffr frfr - frfr/frfr fr';tffrfr tf-" ’
•tftfrfr of tin but the rate w ill.still-be muxh higher .than.that of;tf.-A . •;■ "tf 'fr 
tf t f - f r  r f r  f r ’ .tf‘ , t f f r t f f r t f t f f r ' f i t f f i  A fr • t f - . f r f r ' t f f r f r f r  f r f r  t f * f i .  f r f r  t f . t f  - f r f r ' f r  • f r - t f  t f  
; -titanium sotha i thetfev.apdrated deposit/would,be: ./tf A/frfi- -.fr-tf
•tftftffi' expected to be much .richer in tihthan-the.:oArlginal alloy , r ‘frfr
V ? ”,
-1
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- fi'-'tf:
•! “fi -fr
V -
'tf as .'was/ indeed ,  found in practice,/
* /tffififr ix\5 . * fa, _ -A : ’ fr tf’* J v A .tf*
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Fig, 16. L a r g e r  v a c u u m  sintering unit.
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t e s t i n g .
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F i g .  3 3 .  T i t a n i u m  p r e s s e d  a t  4 0  t o n s / s q . i n .  a n d  s i n t e r e d  
a t  1 1 0 0 * C  f o r  4  h o u r s .
U n e t c h e d .  x  1 0 0 .
F i g .  3 4 .  T i t a n i u m  p r e s s e d  a t  4 0  t o n s / s q . i n .  a n d  s i n t e r e d  
a t  1 1 0 0 * C  f o r  4  h o u r s .
E t c h e d .  x  4 0 0 .
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F i g .  3 5 .  T i t a n i u m - 5 %  t i n  a l l o y ,  p r e s s e d  a t  
4 0  t o n s / s q . i n .  a n d  s i n t e r e d  a t  
1 3 0 0 * C  f o r  1 h o u r .
E t c h e d .  x  5 0 0 .
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F i g .  3 6 .  T i t a n i u m - 2 .  5 %  t i n  a l l o y ,  q u e n c h e d  a f t e r  
b e i n g  p r e s s e d  a t  4 0  t o n s / s q . i n .  a n d  
s i n t e r e d  a t  1 3 0 0 # C  f o r  3 j r  h o u r s .
E t c h e d .  x  1 5 0 .
F i g . 3 7 .  T i t a n i u m - 1 0 %  t i n  a l l o y ,  q u e n c h e d  a f t e r  
b e i n g  p r e s s e d  a t  4 0  t o n s / s q . i n .  a n d  
s i n t e r e d  a t  1 3 0 0 # C  f o r  3 j  h o u r s .  
E t c h e d .  x  1 5 0 .
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F i g .  3 8 .  T i t a n i u m  p r e s s e d  a t  1 0  t o n s / s q . i n  
s i n t e r e d  a t  1 3 0 0 * C  f o r  1 h o u r .  
E t c h e d .  x
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F i g .  4 0 .  D e n s i t i e s  o f  p r e s s e d  t i t a n i u m - t i
t m  c o m p a c t s .
_„60 T O N S  /  in *  -*50 T O N S  / I N 1 -*40 T O N S  / i n 1
- O O  T O N S  / I N *  
* 2 0  T O N  S / I N 1
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F i g .  4 1 .  T i t a n i u m - 5 %  t i n  -  2 . 5 %  a l u m i n i u m  a l l o y  
p r e s s e d  a t  4 0  t o n s / s q . i n .  a n d  s i n t e r e d  
a t  1 3 0 0 * C  f o r  4  h o u r s .
U n e t c h e d .  x  1 5 0 .
.vV- V  J
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* / •  #  * v
• • •  %
: • V »  # % 4 *
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F i g . 4 2 .  T i t a n i u m - 5 %  t i n  -  5 %  a l u m i n i u m  a l l o y  
p r e s s e d  a t  4 0  t o n s / s q . i n .  a n d  s i n t e r e d  
a t  1 3 0 0 * C  f o r  4  h o u r s .
U n e t c h e d .  x  1 5 0 .
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F i g .  4 3 .  T i t a n i u m - 2 .  5 %  t i n  -  5 %  a l u m i n i u m  a l l o y  
p r e s s e d  a t  4 0  t o n s / s q . i n .  a n d  s i n t e r e d  
a t  I 3 0 0 * C  f o r  3 h o u r s .  A l u m i n i u m  
a d d e d  a s  T i A l ^ .
E t c h e d .  x  1 5 0 .
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F i g . 4 4 .  T i d y w n u m - 2 . 5 %  t i n  -  5 %  a l u m i n i u m  a l l o y  
p r e s s e d  a t  4 0  t o n s / s q . i n .  a n d  s i n t e r e d  
a t  1 3 0 0 * C  f o r  4  h o u r s  a n d  r o l l e d  t o  4 9 %  
r e d u c t i o n .
E t c h e d .  x  1 5 0 .
F i g . 4 5 .  T i t a n i u m - 1 3 %  t i n  -  2 . 7 5 %  a l u m i n i u m  a l l o y  
p r e s s e d  a t  4 0  t o n s / s q . i n .  a n d  s i n t e r e d  
a t  1 3 0 0 ® C  f o r  4  h o u r s  a n d  r o l l e d  t o  4 9 %  
r e d u c t i o n .
E t c h e d .  x  1 0 0 0 .
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F i g .  4 6 ,  A r c - m e l t e d  t i t a n i u m .
E t c h e d .  x  1 5 0 .
F i g . 4 7 .  T i t a n i u m  q u e n c h e d  f r o m  1 2 0 0 * C  
i n t o  w a t e r .
E t c h e d .  x  1 5 0 .
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F i g .  4 8 .  T i t a n i u m  a i r - c o o l e d  f r o m  1 2 0 0 * C .
E t c h e d .  x  1 5 0 .
F i g .  4 9 .  T i t a n i u m  f u r n a c e - c o o l e d  f r o m  
1 2 0 0 * C .
E t c h e d .  1 5 0
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F i g .  5 0 .  T i t a n i u m  f u r n a c e - c o o l e d  f r o m  1 2 0 0 * C  
t o  9 0 0  * C  a n d  q u e n c h e d .
E t c h e d .  x  1 5 0
F i g .  5 1 .  T i t a n i u m  f u r n a c e - c o o l e d  f r o m  1 2 0 0 # C  
t o  9 0 0 * C  a n d  q u e n c h e d .
E t c h e d .  x  1 5 0 .
- 309 -
F i g .  5 2 .  T i t a n i u m  a r c - m e l t e d  a n d  c o l d  r o l l e d  
E t c h e d .  x  1 5 o .
Fig. 53. Titanium annealed in v a c u u m  at 7 5 0 *C
for 1 hour after cold rolling.
Etched. x  150.
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F i g .  5 4 *  A r c - m e l t e d  t i t a n i u m  o f  h a r d n e s s  
1 3 0  V P N .
E t c h e d .  x  1 5 0 .
F i g .  5 5 .  A r c - m e l t e d  t i t a n i u m  o f  h a r d n e s s  
1 3 0  V P N  t o  w h i c h  0 . 5 %  o x y g e n  
h a s  b e e n  a d d e d .
E t c h e d .  x  1 5 0 .
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F i g .  5 6 *  T i t a n i u m - 3 %  a l u m i n i u m  a l l o y  s l o w  
c o o l e d  f r o m  7 5 0 # C *
E t c h e d .  x  1 5 0 .
Fig. 57. T i t a n i u m - 7 . 2 %  tin - 6 %  a l u m i n i u m
alloy slow cooled f r o m  7 5 0 *C.
Etched. x  150.
- 312 -
F i g .  5 8 .  T i t a n i u m - 7 . 4 %  t i n  a l l o y  q u e n c h e d  
f r o m  1 3 0 0 * C .
E t c h e d .  x  1 5 0 .
F i g .  5 9 .  T i t a n i u m - 1 5 %  t i n  -  3 %  a l u m i n i u m  
a l l o y  q u e n c h e d  f r o m  1 3 0 0 * C .  
E t c h e d .  x  1 5 0 .
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F i g .  6 0 ,  T i t a n i u m - 7 .  8 %  t i n  a l l o y  q u e n c h e d  
f r o m  1 1 0 0 # C .
E t c h e d .  x  1 5 0 .
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F i g .  6 1 .  T i t a n i u m - 1 1 .  7 %  t i n  -  7 %  a l u m i n i u m  
a l l o y  q u e n c h e d  f r o m  1 1 0 0 * C .
E t c h e d .  x  1 5 0 .
Fig. 62. T i t a n i u m -11. 7 %  tin - 7 %  a l u m i n i u m
alloy quenc h e d  f r o m  1100*C.
Etched. x  1000.
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F i g .  6 3 .  T i t a n i u m - 1 2 .  8 %  t i n  a l l o y  q u e n c h e d  
f r o m  9 5 0 * C .
E t c h e d .  x  1 5 0
Fig. 64. T i t a n i u m - 3 . 9 %  tin - 3 %  a l u m i n i u m
alloy quenched f r o m  9 5 0 *C.
Etched. x  150.
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F i g .  6 5 .  T i t a n i u m - 6  %  a l u m i n i u m  a l l o y  q u e n c h e d  
f r o m  9 5 0 * C .
E t c h e d .  x  1 5 0 .
Fig. 66. T i t a n i u m -3. 9 %  tin - 3 %  a l u m i n i u m
alloy q u e n c h e d  f r o m  800 *C.
Etched. x  150.
I
I
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F i g .  6 7 .  T i t a n i u m - 7 .  8 %  t i n  -  3 %  a l u m i n i u m  a l l o y  
q u e n c h e d  f r o m  6 2 5  * C .
E t c h e d .  x  1 5 0 .
F i g .  6 8 .  T i t a n i u m - 4 .  0 %  t i n  -  6 %  a l u m i n i u m  a l l o y  
q u e n c h e d  f r o m  6 2 5 # C .
E t c h e d .  x  1 5 0 ,
